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Preface to the Third Edition 


Both the first edition of Physical Geology (1932) and the second edition 
(1939) had a gratifying reception in numerous colleges and universities. 
Through continued use of the book in our own teaching, and through 
suggestions kindly offered by other users, we came to recognize that 
many parts of the treatment were in need of improvement. The present 
revision has not involved radical changes in major organization of the 
subject matter. A new unit, Chapter 2, has been added, the entire text 
has been critically analyzed, considerable sections of chapters have been 
reorganized and recast, and significant new data and concepts have 
been incorporated. 

Nearly all instructors adapt a textbook to their own ideas of the most 
desirable order, emphasis, and method of presentation. This is alto- 
gether commendable; textbooks should be accepted not as rigid codes, 
but rather as aids in teaching, to be used with any desired flexibility. 
Whatever order of subjects is adopted, however, the authors are con- 
vinced that beginners in geology require at the start considerable orien- 
tation, to acquaint them with the major goals, the methods, and the 
basic outlines of a vast and unfamiliar field of knowledge. Elementary 
students can not be expected to acquire at once any adequate compre- 
hension of geologic time; nevertheless this essential concept should be 
brought to their attention early and emphasized repeatedly throughout 
the course. The evolution of hypotheses into natural laws should be 
explained, with particular application to geologic problems now under 
attack. Geologic processes dependent on energy derived from the Sun 
should be differentiated from those reflecting internal forces, and the 
interaction between the two sets of processes should be pointed out. 
Unless the student is given a satisfactory preview of these and other 
major concepts, he is in danger of losing perspective in a maze of details. 

These considerations have prompted an amplification of the intro- 
ductory, orienting material in the text, by addition of the new Chapter 2. 
Transfer to this chapter of topics related to crustal movements serves a 
dual purpose: (1) the concept of isostatic balance in its relation to de- 
formation of the Earth’s crust provides an excellent illustration of the 
scientific method as applied to a geologic problem; (2) early introduction 
of this concept will give the student better comprehension of the refer- 
vii 
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eaces to uplifts and depressions of the land that are unavoidable in 
discussions of land sculpture, sedimentation, and other gradational 
processes. Once the significance of isostasy is grasped, it can be used 
as a logical working principle throughout the course. The interrelation 
of external and internal forces is so intimate that there can be no in- 
telligent discussion, of one set of forces and its effects without reference 
to the other set. 

As in the earlier editions, definitions and elementary descriptions of 
all minerals and rocks considered in the text are brought together in 
appendices. This segregation does not belittle the importance of highly 
essential subject matter. On the contrary, the device serves a useful 
purpose that is twofold: it removes a considerable amount of bare defini- 
tion and description from the body of the book, which can then be 
devoted more effectively to discussion of geologic processes and problems; 
and it concentrates, in the form of a short manual, the elementary 
explanations required for laboratory study. The arrangement can be 
adapted to varied plans that are used in beginning courses. It is pai- 
ticularly suited to the general program of a course that is suggested by 
the sequence of topics in the present edition of the textbook. This 
program, in brief outline, is as follows: 

(1) Several exercises, including as much discussion as possible, de- 
voted to a broad outline of physical geology, its viewpoints and methods, 
its objectives — ^both practical and philosophic, some major conclusions 
already attained, some outstanding problems now under attack. 

(2) Study of common minerals and rocks, chiefly in the laboratory, 
using all available time xmtil students have sufficient familiarity with 
the materials of the Earth’s crust to comprehend the effects of geologic 
processes. 

(3) Analysis of the gradational processes — erosion and sedimentation. 

(4) Analysis of effects of internal forces — igneous activity, deforma- 
tion, metamorphism. 

(5) Explanation of land forms as joint products of internal and 
external forces. 

(6) Mineral deposits. 

As much field and laboratory study as possible or desirable will form 
part of the program. 

In the present revision of the book, improvement of the illustrations 
has received particular attention. Most of the diagrams are either 
revised or wholly new, and many of the halftones are from new copy. 
Photographs in which small details have critical value are reproduced 
at “bleed” size. 
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Colored photographs have large value in geologic teaching, since 
tones of color bring out critical features and give a sense of reality that 
is largely lost in black-and-white views. It is not practicable to print 
numerous colored views in a textbook because of the large cost. How- 
ever, the publishers of Physical Geology have provided a large set of 
Kodachrome slides showing geologic features that illustrate nearly all 
aspects of the subject. This set, accompanied by a manual which keys 
the slides directly to particular topics in the present edition, should be a 
valuable supplement in classroom presentation. 

Direct responsibility of each author in preparing the third edition of 
the book is indicated as folio ws: 

Chapters 1, 2, 3, 4, 10, 15, 16, 18, 19, and Appendix D by Longwell. 

Chapters 5, 6, 7, 8, 9, 11, 20, and Appendix C by Flint. 

Chapters 12, 13, 14, 17, 21, and Appendices A and B by Knopf. 

Although acknowledgment is made with each figure, we wish to 
emphasize our gratitude to individuals and organizations for the use of 
illustrative material. In thanking numerous friends who gave help in 
improving the text, we are especially grateful to our colleague, Dr. 
John Hodgers, whose constructive suggestions applied to nearly all 
chapters. 

C. R. L. 

A. K. 

R. F. F. 

New Haven, Conn., 

June, 1948 
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Preface to the Second Edition 


In the seven years since the first edition of Physical Geology was 
published the authors, through use of the book in their own teaching and 
from discussion with other teachers, have come to realize that some 
parts of the treatment should be recast and strengthened. Furthermore, 
during these years a large volume of fresh geologic literature has ap- 
peared, and distinct advances in several aspects of geology have been 
made. 

The general plan of the book remains unchanged. Two new chapters 
have been added: Chapter 3, which gives particular attention to highly 
important movements such as creep and landshding, all of which are 
included in the suggested term mass-wasting; and Chapter 5, in which 
the sculpturing of the lands by running water is treated as a unit, follow- 
ing a discussion of the principles of stream action in the preceding 
chapter. All the chapters have been thoroughly revised, and several 
have been completely reorganized. 

Numerous cross-references are employed, with the object of coordinat- 
ing the subject matter and eliminating needless repetition. The prac- 
tical aspects of geology, sueh as its relation to soil conservation and 
industrial developments, are given particular attention. Technical 
terms have been eliminated as far as seems consistent with effective and 
clear treatment. Many new reading references are listed, and new field 
results are cited to illustrate principles. A special effort has been made 
to improve the illustrations: some of the figures used in Outlines of 
Physical Geology are included, as well as numerous photographs and 
diagrams that are new. 

Because of the two new chapters, the numbering of chapters is con- 
siderably different from that in the first edition. Direct responsibility 
of each author is indicated as follows: 


Chapter 1 by Knopf and Longwell. 

Chapters 2, 3, 9, 14, 15, 17, 18, and Appendix D by Longwell. 
Chapters 4, 5, 6, 7, 8, 10, 19, and Appendix C by Flint. 

Chapters 11, 12, 13, 16, 20, and Appendices A and B by Knopf. 

Although acknowledgment is made with each figure, the authors wish 
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to emphasize their gratitude to individuals and organizations for the 
use of illustrative material. 

C. R. L. 

A. K. 

R. F. F. 

New Haven, Conn., 

January, 1939 


Preface to the First Edition 


Three years ago the writers helped revise Part I of the Textbook of 
Geology by Pirsson and Schuchert, Extensive changes were made 
throughout, and several chapters were entirely rewritten; but as the 
revised book remained under the authorship of the late Professor Pirsson, 
the revisers felt an obligation to retain as nearly as possible the original 
method of presentation. The present volume, which embodies not only 
ideas of organization and presentation developed by the work of revision 
and by constant use of the revised text, but also much new material, is 
the avowed successor to Pirsson’s book. Probably the most valuable 
inheritance is the balance between subjects for which the original book 
has been widely commended. The general order of the final revision is 
retained, and in a few chapters some parts of Pirsson's scheme of pres- 
entation have been used, but only where they could be effectively 
adapted to the general plan of the present authors. 

The organization of the subject matter assumes that students who use 
the book begin their study by making an acquaintance with the common 
minerals and rocks. This approach to the study of geology appears to 
be fundamental, since the operation of geologic processes, for example 
weathering, can not be appreciated without some knowledge of the 
materials involved. In their elementary course the authors devote a 
considerable time to a practical study of minerals and rocks before 
taking up any of the processes. For such a preliminary study the 
student needs adequate descriptions arranged in convenient form. To 
meet this need the present volume offers in two appendices the defini- 
tions and elementary descriptions of all the minerals and rocks con- 
sidered in the text. Another appendix gives an introduction to the study 
of topographic maps. Such a special arrangement does not in any way 
obscure the importance of highly essential subject matter. On the 
contrary, the device serves a twofold useful purpose: it brings together, 
in the form of a short manual, the elementary explanations needed for 
laboratory study; and it removes a considerable amount of bare defini- 
tion and description from the body of the text, which can then be devoted 
more effectively to the discussion of geologic processes and problems. 

Preparation of the introductory chapter has received particular atten- 
tion, since physical geology usually is the introduction to geology as a 
whole and therefore the student needs an orienting statement to acquaint 
adii .■■■■■ ■ 
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him with the scope and the general viewpoint of the subject. The his- 
torical aspect of geology needs emphasis, and this purpose is served by 
sketching briefly the astronomical setting of the Earth and by implanting 
at once the concept of the immense length of geologic time. A large 
advantage is gained if the student can be made to appreciate at the 
outset that geologic features are studied not merely for their own sake 
but more particularly for the history they reveal. 

With this keynote in mind, the attempt is made throughout the book 
to keep to matters that have a direct bearing on geologic history. The 
authors consider it a mistake to use the limited space in an elementary 
text for the exposition of scientific matters not directly a part of geology, 
however interesting they may be in themselves. For this reason the 
discussion of weather, of which at best only a smattering can be given 
in a geologic text, has been abandoned. Similarly a detailed discussion 
of the mechanics of glacier motion, which has inherent interest but is 
not essential to an understanding of land sculpture by glaciers, is dis- 
pensed with. 

In brief summary, some of the outstanding features of the new book 
are the following: Weathering is treated as a unit subject, and its rela- 
tion to general erosion is made clear. 

The chapter is not entitled “Work of the Atmosphere,” because all 
gradational processes, including stream erosion and glaciation, depend 
either directly or indirectly on the atmosphere. The importance of 
climate in determining soil types, as demonstrated by recent research, 
is emphasized. Wind action is discussed in a separate chapter, since 
the common practice of combining the subject with weathering leads to 
confusion. In the discussion of stream work the explanation of the 
erosion cycle under different chmatic conditions is given more emphasis 
than in the final edition of the Pirsson textbook. The discussions of 
glaciation, igneous geology, and metamorphism are revised to take 
account of the most recent data. Modern researches in seismology, and 
particularly the late work on near earthquakes, are considered in the 
chapter on the Earth’s interior. The relation of geologic processes to 
landscapes has been given special attention in nearly every chapter. 
As in the final edition of the Pirsson textbook, the treatment of the more 
complicated aspects of land forms is deferred until deformation and 
other processes have been explained in detail; but the old treatment 
has been entirely reorganized arid much new material has been added. 
The final chapter gives a discussion of coal and petroleum, in addition 
to a short treatment of ore deposits, and it emphasizes that our under- 
standing of these mineral resources depends on geologic principles 
developed earlier in the book. 
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Discussion of many major subjects in geology leads quickly into the 
fields of inference and theory. Some elementary textbooks, probably 
for the purpose of simplifying and shortening the treatment of debatable 
matters, make dogmatic statements not warranted by existing knowl- 
edge. In the opinion of the present writers this practice does a disservice 
to the science. The teacher loses nothing by stating frankly what is 
not known; on the contrary he can in this way gain the student’s confi- 
dence and stimulate his interest. The cause of rock exfoliation has 
not yet been proved; we can not give any quantitative evaluation of 
wind erosion; the origin of igneous rocks and the causes of crustal move- 
ments are great mysteries. Since almost every aspect of geology teems 
with fascinating problems, why should an elementary text give the false 
impression that most of the Earth’s secrets are known? It is the aim of 
the present volume not only to state the essential facts of physical 
geology, but also to indicate the limits of knowledge and to direct the 
student’s attention to the vast field awaiting exploration. 

Most of the illustrations used are new. Numerous block diagrams, 
specially drawn for this book, are employed to explain the genesis of 
structural features and land forms. None of the figures are used simply 
for embellishment; all have been chosen for their geologic significance. 
Duplication is avoided by referring both forward and backward to 
figures that illustrate more than one subject or principle. Special care 
has been used in preparing the legends of the illustrations, with the 
purpose of centering attention on significant features and making the 
figures intelligible without direct reference to the text. 

With the idea of welding the chapters together and showing the 
interrelation of various subjects, cross-references are used freely through- 
out the book. 

Direct responsibility of each author in preparing the text is indicated 
in the following division by chapters: 

Chapter 1 by Knopf and Longwell. 

Chapters 2, 7, 12, IS, 15, 16, and Appendix D by Longwell. 

Chapters 3, 4, 5, 6, 8, 17, and Appendix C by Flint. 

Chapters 9, 10, 11, 14, 18, and Appendices A and B by Knopf. 


The authors are under obligation to many individuals and organiza- 
tions for the use of photographs. Proper acknowledgment is made with 
each halftone. 


New Haven, Conn. 
January 1, 193$ 


C. R. L. 
A. K. 

R. F. F. 
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Chapter 1 


GEOLOGY, THE SCIENCE OF THE EARTH 

The science of geology strives for the full answer to questions about 
the Earth and its history. What are the materials that compose the 
Earth, not merely in its outer part but also in the deep interior? What 
is the meaning of mountains and other landscape features? How and 
when did the Earth itself originate, and what has been the full story 
of life in its many forms? The philosophers of the ancient world wres- 
tled with these problems, although they contributed little of lasting 
value to the science; geology had its first consistent development in 
modern times, with the advance of science generally. The practical 
problems of mining stimulated the development of modern geology, but 
the growth of the science to its present substantial proportions was 
largely the result of the intellectual curiosity of the human mind. The 
principles thus discovered have been applied to practical ends, and 
geology has repaid a thousandfold its early debt to mining. 

Geology enlists all the other natural sciences — physics, chemistry, 
astronomy, and biology — ^in examining the various aspects of the Earth 
and its history. A fitting introduction to the study considers the evi- 
dence from astronomy as to the place of the Earth in the universe. 

The Earth as a Member of the Solar System 

The Earth is one of a group of nine known planets that revolve around 
a common central orb, the Sun (Fig. 1). Some of them, like Jupiter, are 
much larger than the Earth; some, like Mercury, are smaller. Two are 
nearer the Sun, the others are farther away; the distances range from 
about 25 million miles for Mercury to thousands of millions of miles 
for the three outermost planets. They all revolve around the Sun in 
nearly a common plane, which is slightly inclined to the Sun’s equator. 

The mass of the Sun is 332,000 times that of the Earth. All the 
planets and their satellites combined make up only a small fraction of 
1 per cent, in mass, of the Solar System. The Sun contains considerably 
more than 99 per cent of the total mass, and therefore it is the over- 
whelmingly dominant member of the system. Carrying with it the 
1 



2 


PHYSICAL GEOLOGY 


planets and their moons, the comets, and the asteroids, the Sun is 
traveling through space at the rate of 12 miles a second, almost directly 
toward the bright star Vega. 

The Earth, therefore, is a very insignificant fraction of the Solar 
System, and for that matter the Solar System itself is but an insignifi- 
cant fraction of the universe. The Sun is a modest star in a stellar 
system whose members are numbered in thousands of millions. At 
immense distances beyond this system — “our galaxy” as it is currently 
called in astronomy — are other galaxies, perhaps a hundred million of 
them, which are gigantic systems comparable to ours in size and in 
number of stars. ^ Some of these systems are so remote that the light 



Fig. 1. Planets revolve about the Sun almost in the same plane, and all in the same 
direction, as suggested by the orbits of three of them. The orbits are nearly circular, but 
in the figure they appear strongly elliptical because the observer is looking down upon 
them obliquely. The diagram is not drawn to scale. 

from them, traveling 186,000 miles a second, takes hundreds of millions 
of years to reach us. Nevertheless, throughout this vast extent of space 
the same general physical laws that we know on the Earth hold sway. 
Gravitation operates in the same manner; light is transmitted every- 
where by vibrations of the same kind; the spectroscope tells us that the 
same chemical elements occur in the Sun and the distant stars as on our 
Earth. Moreover, the meteorites that our planet gathers in its journey 
through space are made of substances identical with those found on the 
Earth. The processes at work in the Sun and stars, however, far exceed 
in intensity those active on and in the Earth, because of the enormously 
greater temperatures and pressures that Nature has at her command in 
the stars ; but they do not differ in kind. Consequently there is a unity 
of law and a uniformity of material throughout space, and we feel 
justified in assuming that facts and reasoning derived by astronomical 
study of the other heavenly bodies can also be applied in the study of 
the Earth. One of the most impressive demonstrations of this prin- 
ciple was afforded by the discovery of helium; first recognized as a con- 
stituent of the Sun, 93 million miles away, this element was found 
nearly 30 years later on bur planet. 

The Earth and the other planets were born of the Sun, as has been 
recognized since the latter half of the eighteenth century when the 


GEOLOGY, THE SCIENCE OF THE EARTH 


nebular hypotheses of Kant and Laplace were formulated. How the 
incandescent matter from the Sun came to form the planets is a prob- 
lem on which ideas are still far apart. The birth time of the Earth 
was at least 2000 million years ago, and since then the Earth has con- 
tinued to have an eventful history, which it is the special task of 
geology to decipher. The record of a vast span of time is written in 
the rocks which make up the visible portion of the planet’s outer shell. 
Just as in human history, so in the Earth’s history, the earlier records 
are scarce and nearly illegible, but the later records are much more 
abundant and more easily read. That portion of the Earth’s history 
which is written in the rocks is referred to as geologic time. For this 
portion of the history we have positive information, and no matter 
how fascinating speculations concerning the Earth’s origin may ap- 
pear, the foundations of geology do not rest on them; on the contrary, 
the most probable fact concerning the origin of the Earth, that it was 
born at least 2000 million years ago, rests on geologic evidence sup- 
ported by the study of radioactive minerals found in the Earth’s crust. 

The geologic record shows that the Sun has been supplying light and 
heat to the Earth at a nearly uniform rate during hundreds of millions 
of years. Prior to the development of nuclear physics in the present 
century, the sciences could not adequately explain how the Sun has 
been able to maintain this prodigal expenditure of energy. It is now 
thought that its fires are stoked through atomic energy in the building 
up of heavier from lighter chemical elements. According to one repu- 
table theory, much of the heat is released during the development 
of helium from hydrogen, with carbon playing an essential part as 
catalyst. 

Major Divisions and Features op the Earth 

Form of the Earth. Quite aside from its surficial irregularities, the 
Earth is not a true sphere; it is a spheroid flattened at the poles, so that 
the axis on which it rotates is shorter by about 27 miles than the equa- 
torial diameter. This equatorial bulging of the Earth, as well as that 
of the other planets, is fully explained by the principles of celestial 
mechanics. It depends on the centrifugal force due to rotation and on 
the internal constitution of the planet (Chap. 18) . 

Atmosphere and Hydrosphere. The solid body of the Earth has 
two envelopes which are of the utmost importance in geology. One of 
these, the atmosphere, is made up of gases; it extends in appreciable 
quantity more than 100 miles above the surface of the lands, but in the 
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outer part the gases are extremely rare. Although the material in the 
atmosphere makes a very small percentage of the entire Earth, it is one 
of the most important geologic agents because of its chemical and 
physical activity. Oxygen and carbon dioxide are active ingredients 
that play extremely important roles in geology. The more abundant 
nitrogen has little chemical activity. 

The other envelope, the hydrosphere, is not continuous, although the 
sea covers nearly three-fourths of the Earth’s surface, and water is 
widespread on the lands also, either in lakes and streams or Tilling 
openings in the soil and in bedrock. So vast is the volume of water 
that, if all surface inequalities of the globe were leveled off, the sea 



Fig. 2. Segment of the Earth, showing major features of relief. The vertical scale is 
greatly exaggerated. 


would be universal, with a depth of more than a mile and a half. 
Water, with the aid of the atmosphere, has been the most powerful 
agent in causing changes on the surface of the lands throughout geo- 
logic time. 

In general, the light gases of the atmosphere overlie the denser water 
of the hydrosphere, which in turn lies above the much denser material 
of the solid Earth. Owing to the irregular surface of the globe, large 
areas project above the hydrosphere and are directly accessible to 
observation. 

Continental Masses and Deep-Sea Basins. Of the 197 million 
square miles making up the surface of the globe, 71 per cent is covered 
by the interconnecting bodies of marine water ; the Pacific Ocean alone 
covers half the Earth and averages near 14,000 feet in depth. The 
contments— Eurasia, Africa, North America, South America, Australia, 
and Antarctica — are the portions of the continental masses rising above 
/sealevel. The submerged borders of the continental masses are the 
continental shelves, beyond which lie the deep-sea basins (Pig. 2) . 

The oceans attain their greatest depths not in their central parts, but 
in certain elongated furrows, or long narrow troughs, called deeps 
(Chap. 11). These profound troughs have a peripheral arrangement 
(Fig. 2), notably around the borders of the Pacific and Indian oceans. 
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The position of the deeps near the continental masses suggests that the 
deeps, like the highest mountains, are of recent origin, since otherwise 
they would have been filled with w^aste from the lands. This suggestion 
is strengthened by the fact that the deeps are frequently the sites of 
world-shaking earthquakes (Chap. 16) . For example, the “tidal wave” 
that in April, 1946, caused widespread destruction along Pacific coasts 
resulted from a strong earthquake on the floor of the Aleutian Deep. 

The topography ^ of the ocean floors is none too well known, since in 
great areas the available soundings are hundreds or even thousands of 
miles apart. However, the floor of the Atlantic is becoming fairly well 
known as a result of special surveys since 1920. A broad, well-defined 
ridge— the Mid-Atlantic ridge — runs north and south between Africa 
and the two Americas, and numerous other major irregularities di- 
versify the Atlantic floor. Closely spaced soundings show that many 
parts of the oceanic floors are as rugged as mountainous regions of the 
continents. Use of the recently perfected method of echo sounding 
(Chap. 11) is rapidly enlarging our knowledge of submarine topogra- 
phy. During World War II great strides were made in mapping sub- 
marine surfaces, particularly in many parts of the vast Pacific basin. 

The continents stand on the average 2870 feet — slightly more than 
half , a mile— above sealevel. North America averages 2360 feet; 
Eui’ope averages only 1150 feet; and Asia, the highest of the larger 
continental subdivisions, averages 3200 feet. The highest point on the 
globe, Mount Everest in the Himalayas, is 29,000 feet above the sea; 
and as the greatest known depth in the sea is over 35,000 feet, the maxi- 
mum relief (that is, the difference in altitude between lowest and high- 
est points) exceeds 64,000 feet, or more than 12 miles. The continental 
masses and the deep-sea basins are relief features of the first order; 
the deeps, ridges, and volcanic cones that diversify the sea floor, as well 
as the plains, plateaus, and mountains of the continents, are relief fea- 
tures of the second order. The lands are unendingly subject to a com- 
plex of activities summarized in the term erosion (p. 29), which first 
sculptures them in great detail and then tends to reduce them ulti- 
mately to sealevel. The modeling of the landscape by weather, run- 
ning water, and other agents is apparent to the keenly observant eye 
and causes thinking people to speculate on what must be the final result 
of the ceaseless wearing down of the lands. Long before there was a 
science of geology, Shakespeare wrote “the revolution of the times 
makes mountains level.” 

1 Topography relates to the surface forms of an area, such as heights, depres- 
sions, and slopes. See Appendix C, 
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The origin of the continental masses and the deep-sea basins is still 
an unsolved problem. Have they existed in their present form and 
position since the beginning of geologic time? Have deep-sea floor and 
land changed places? If the continents have been permanent features 
of the globe for some 2000 million years, or even for a much smaller 
span of time, why have they not been worn down to or below sea- 
level? Manifestly there is some restorative force acting from within 
the Earth that counteracts the destructive effects of erosion acting from 
without the Earth. To these questions we shall return in later chapters. 

Rocks, THE Primary Documents OF Geology 

The outer zone of the Earth — ^the zone on which we live and the one 
directly accessible to our observation — is generally known as the crust. 
There is some objection to this term, because it is inherited from an 
obsolete hypothesis, which erroneously assumed that all the Earth ex- 
cept a thin outer shell is. molten liquid. However, "crust” is a con- 
venient and popular term, and we shall use it with the understanding 
that it does not suggest the condition and origin of the Earth’s interior 
(Chap. 18). 

Any understanding of the Earth' must begin with some knowledge of 
the substances that compose it.’- We can of course examine directly 
only a thin rind of the globe, and therefore all information about the 
vast interior portion must depend on indirect evidence. However, our 
most active interest lies in the part that can be explored directly ; and 
this part in itself provides an almost limitless field of study. It is a zone 
composed of rocks and their constituent minerals. Even to the casual 
observer it is evident that these materials, exposed in cliffs or in road 
cuts, tunnels, and other artificial excavations, are highly varied in char- 
acter; and accordingly it may appear that only a specialist can hope 
to gain any adequate acquaintance with rocks. Fortunately, rocks of 
relatively few types make up the greater part of the Earth that is 
visible, and therefore any educated person can learn without great 
difficulty to recognize most of the rock masses he may see in the Alps, 
the Rocky Mountains, or elsewhere in his travels. A study of \&n&- 
tions in rock types or of the more detailed features in minerals must of 
course be left to men specially trained for the task. 

1 Some familiarity with the common minerals and rocks, to be acquired from the 
descriptions in Appendices A and B (pp. 546, 560) and from laboratory study of 
typical specimens, is essential for understanding the processes discussed in the 
following chapters. 


HAWAIIAN VOLCANO OBSERVATORY. 


Fig, 3 . Igneous rock in the making. The dark-colored rock is solidified lava; the 
white band is a stream of fiuid lava, flowing toward the observer. The Alika 
flow, Mauna Loa volcano, 1919. 


The practical value of knowing the various kinds of rocks is readily 
apparent from the viewpoint of the professional geologist or the mining 
engineer. In the search for ores and for petroleum, in the selection of 
sites for great .dams to make storage reservoirs, or in constructing an 
intricate subway system for a large city, knowledge of 'rocks and their 
peculiarities is a vital necessity. But there is a much broader interest 
in the subject — an interest felt by every intelligent traveler. A visitor 
to the slopes of Vesuvius or of Mauna Loa sees masses of dark, slaggy 
rock. It is fairly obvious, even if fluid lava is not actually seen, that 
this dark material w’'as once liquid and flowed down the slopes as a red- 
hot stream (Fig. 3) . Continued investigation would convince the trav- 
eler that the '^fire-made” or igneous rocks are common in many lands 
and have been formed at many different dates ; they constitute an im- 
portant part of the bedrock beneath us. In fact, granite, which is over- 
whelmingly the most abundant type of rock in the foundations of the 
continents, was made, during various periods of geologic time, by slow 
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cooling and solidification of liquid rock material deep beneath the 
Earth's surface. Therefore the igneous rocks, recognized as one of the 
main classes of rocks in the Earth’s crust, are of two general kinds: 
(1) those formed on the Earth’s sm’face, from molten material forced 
up from the depths; and (2), those formed beneath the surface, some 
of which have been exposed to view by long-continued erosion (Fig. 
198, p. 290). 

Again, a brief examination in parts of the Andes, the Alps, or other 
high mountains reveals layers of compacted sand and mud that include 
an abundance of sea shells. These ancient shell-bearing rocks have 
modern equivalents in the muds and sands of river deltas and on sea 
floors. Wind, water, gnd other agents are constantly moving and 
spreading out rock fragments or sediments, which in time become com- 
pacted and cemented to form the sedimentary rocks (Fig. 11; Chap. 
12) . Three-fourths of the land area of the Earth is directly underlain 
by rocks of this kind. In most places, however, these rocks form a 
comparatively thin cover — a few hundreds or thousands of feet thick — 
lying on rocks of other kinds, predominantly granite. The sedimentary 
rocks reveal important events in the Earth’s history, because they con- 
tain remains of plants and animals and also many other features that 
give a record of conditions existing when the rocks were formed. 

In the cores of old mountain ranges, and also around the borders of 
igneous masses, there are rocks of another class known as the meta- 
morphic. These rocks, originally either igneous or sedimentary, have 
had their original characters greatly changed by temperature, pressure, 
and other factors acting within the Earth’s crust. Metamorphic rocks 
commonly are strongly banded (Fig. 282, p. 430) , and some, such as 
slate, can be readily split into thin sheets or flakes. Rocks subjected 
to very high temperature or to extreme pressure have had their primary 
characters entirely obliterated, in which case it may be impossible to 
tell whether the rocks were originally igneous or sedimentary. 

In summary, all the rocks in the Earth’s crust are grouped, according 
to the way 'they were formed, into three main classes: igneous, sedi- 
mentary, and metamorphic rocks. 

Thk Viewpoint op Geology 

The grouping of rock masses according to the mode and place of their 
origin is the first step in the fascinating task of unraveling the ancient 
history of a region. In all its many aspects, the study or practice of 
geology recognizes this fundamental interest in past events. But just 
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as the proper understanding of human history requires some knowledge 
of present-day social, economic, and political conditions, so the de- 
ciphering of events in the geologic past demands an acquaintance with 
processes still operating on and within the Earth. Rocks are not inert 
monuments to conditions and forces that no longer exist. At active 
volcanoes w'^e may observe all stages in the development of new rocks 
from molten material (Fig. 3) . In the muds of river deltas and on sea 
floors we find the modern equivalents of ancient beds, now greatly dis- 
torted and eroded, which furnish the shells and other fossils so common 
in high mountains and plateaus. Rivers, glaciers, and other surface 
agencies are etching and slowly wearing away the lands. In some 
continents the land is being lifted up at a measurable rate, and there is 
evidence that some mountains are actively growing. Thus we are actual 
witnesses to a constant struggle between titans: some that work at the 
surface, striving to tear down the rocky continents, and others within 
the Earth that persistently oppose the leveling process. Rocks are be- 
ing destroyed and others are forming to replace them. Activities that 
can be seen and analyzed have been persistent throughout geologic 
time, and accordingly we may use the present as a key to the past. It 
is the conclusion of modern geology that the great mountain ranges, 
deep canyons, and other major features of the Earth came into existence 
not through great catastrophes, but as the cumulative results of ordi- 
nary processes still active, operating slowly through enormously long 
intervals of time. For example, some people who are not acquainted 
wdth geology suppose that the Grand Canyon of the Colorado River, 
more than a mile in depth and 200 miles long, is a great crack in the 
Earth, formed abruptly at the time of a violent earthquake. Geologists 
are convinced that the canyon was fashioned slowly, during a long in- 
terval of time, through the cumulative effects of erosion by running 
water, which is still in operation. This concept, that major features of 
the Earth have been developed through long-continued, nearly uniform 
action of forces now operating, is known as the unijormitarian prin- 
ciple. It is less spectacular than views of the catastrophists, but it is 
firmly established by a great body of geologic evidence. 

The broad, philosophical aspect of geology rests on a secure founda- 
tion only because of patient effort by generations of workers in all 
lands. A vast array of field evidence has been accumulated. The great 
mountain ranges have been fruitful fields for geologic investigation, 
since they furnish the finest exposures of rock formations. But no 
sources of information are neglected. Geologic features everywhere are 
examined closely in the field and represented accurately on maps. 
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Mines give opportunity to explore beneath the surf ace^ and deep wells 
drilled for water or oil yield valuable data. Samples collected from sea 
floors in many parts of the world reveal diverse kinds of deposits that 
are accumulating to form sedimentary rocks of the future. Modern 
instruments devised to record earthquake waves and to measure values 
of gravity have made it possible to draw important conclusions regard- 
ing the invisible interior. Slowly but surely the Earth is giving up 
many of its secrets to the inquisitiveness of man. 

Of necessity, a field so broad as the study of the whole Earth calls 
for a division of labor among specialists. One branch of the study 
(stra-tig'ra-'phy) is devoted chiefly to the rock formations laid down in 
former seas, lakes, and streams; another ipe-trol' o-gy) to the character 
and origin of rocks of all kinds; a third {economic geology) to the 
mineral veins and other deposits of economic value. Other special 
branches of geology are concerned with the deformation of rocks by 
folding and fracturing (structural geology), the various land forms 
sculptured by surface agencies (geomorphology) , the fossils entombed 
in rocks (paleontology), and the minerals that make up rocks of all 
kinds (mineralogy). A general introductory study can attempt only 
a survey of methods and conclusions, without giving an intimate ac- 
quaintance with any of the special fields. However, such a general 
study of geology should equip the student to recognize and interpret 
many of the major geologic features that he sees about him. In par- 
ticular, the varied landscapes take on a new meaning and interest when 
they are seen as clear records of past events. Land forms are products 
of a complicated interplay between crustal movements on the one 
. hand and sculpturing agents on the other. For example, fashioning of 
the Matterhorn and similar neighboring peaks was made possible by 
great uplift of a rock mass to form the Alpine chain; the cold climate 
and steep slopes on this mass favored the development and movement 
of glaciers, which have carved the summit into its present rugged form 
(p. 190) . The shape of every landscape feature depends also on the 
kind of rock from which it was made and the length of time since the 
sculpturing began. Therefore, although there is no fixed order in which 
geologic subject matter must be considered, full appreciation of Earth 
features requires some preliminary knowledge of the common rocks 
and of their behavior under the forces active at or near the Earth’s 
surface. 

The first part of geologic study, devoted to the materials and features 
of the Earth and the processes now in operation, is called physical 
geology. Historical geology, which reconstructs the story of past 


11 


GEOLOGY, THE SCIENCE OF THE EARTH 

pliysical events and also the record of life on the Earth, uses as keys 
the principles developed in physical geology and also some of the prin- 
ciples of biology. 

The Earth and its history are fascinating subjects in themselves, but 
the interest is largely academic unless it is related to man and his wel- 
fare. The Earth is our home; we obtain our physical nourishment from 
its soil; we are affected directly by its storms and floods, its volcanoes 
and earthquakes, the uplift and sinking of lands, the storing of metals, 
coal, and oil in the rocks. Moreover, as the history of the Earth con- 
tinues to unfold, we see unmistakably that the events of long ages led 
up to the appearance of man. ’ 
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Chapter 2 


THE METHOD AND SCOPE OF GEOLOGIC STUDY 

The importance of learning facts about the Earth, as a fundamental 
basis of geologic study, has been emphasized (p. 6) . Prior to the 
nineteenth century many natural 'philosophers announced sweeping 
conclusions on geologic matters based largely on assumptions, in igno- 
rance of truths that could be learned by observation in the field. There 
resulted rival schools of thought, each devoted to some speculative 
concept. Gradually it came to be realized that speculations, however 
ingenious and popular they may be, acquire real value only as they 
successfully meet repeated tests of new information. In the early part 
of the nineteenth century many students of the Earth, impatient with 
the earlier vogue of accepting hypothetical explanations “on authority,” 
set about the laborious task of examining and describing the vast array 
of geologic features on and beneath the Earth's surface. That was a 
veritable epoch of fact finding, an extremely important stage in the 
growth of geologic science. However, science is not a mere collection 
of facts; it is systematized knowledge, and its goal is the discovery of 
natural laws, to which the facts bear witness. This point of view, which 
is essential for any real understanding of aims and accomplishments in 
science, merits further discussion. 

The Scientific Method 

The scientific attack on a problem follows an orderly procedure, in 
a succession of steps suggested by the following questions: (1) What 
are the known facts in the problem? (2) Plow do these facts appear to 
be related? (3) How may this relationship be explained? (4) Is this 
explanation supported by all obtainable new information? At the start 
there may be only scattered facts, dubiously related. Intelligent 
guesses, or hypotheses, are set up in attempting an explanation. It 
then becomes obvious that certain specific information, if it can be 
obtained, will either support or weaken a particular hypothesis. Thus 
the scientific guessing game stimulates further search and inquiry, re- 
sulting in additional factual knowledge, which may eliminate some of 
12 
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the hypotheses and point to one as the most promising, though perhaps 
with some modifications in its details. If, after a considerable body 
of new pertinent data has been built up, the favored hypothesis re- 
mains, in its essentials, as the most adequate explanation, this concept 
then begins to acquire the more reputable status of theory. As sup- 
porting evidence becomes more and more convincing, the concept grad- 
ually emerges from the realm of theory into established natural law. 

Development of a vague hypothesis to the status of a major scientific 
principle is seldom if ever accomplished by one individual. Progress 
in such matters usually has been slow, requiring contributions of 
numerous workers through more than one generation. Newton had a 
major role in formulating the law of gravitation, but, contrary to popu- 
lar belief, he did not originate the entire concept. Kepler, Galileo, and 
others had grasped parts of this fundamental principle nearly a century 
before Newton’s time. Another illustration, in the field of biology, may 
be drawn from the ^‘fact-finding epoch” in the late eighteenth and early 
nineteenth centuries. Voluminous descriptions of modern and fossilized 
animals and plants had focused attention on relationships and diversi- 
^ ties among living forms, and more than one naturalist came to enter- 
tain the concept that species have originated by evolutionary develop- 
ment. In 1816 the French scientist Lamarck published his views 
on this subject, including his well-known suggestion that structural 
changes in animals have come about slowly through use of bodily parts 
in response to need, and that characters thus acquired by individuals 
are inherited and perpetuated in their offspring. According to this view 
the giraffe’s neck became elongated by stretching, through many gen- 
erations, in efforts to reach the foliage on which the animals depended 
for food. This hypothesis has not survived the tests of further study. 
Darwin later developed the rival concept of evolution by “natural 
selection” of types best fitted to survive under given conditions. This 
view, in considerably modified form, is still a part of biologic theory, 
although the exact mechanism by which evolutionary changes take 
place remains an unsolved problem. However, the evidence that such 
changes actually have occurred is now overwhelming, and organic evo- 
lution has long been accepted as a natural law. 

In physics, chemistry, and biology, laboratory experiments are an 
important tool in the scientific approach to a problem. Experimenta- 
tion is valuable as an aid in solving some kinds of geologic problems 
also. In general, however, geology advances through reasoning based 
on accurate observations. Every geologic feature— a volcanic moun- 
tain, a layer of limestone, ‘or a deposit of coal — ^presents a problem of 
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origin; when and by what means did it come into being? The answers 
are to be sought through studies of two kinds: (1) by examination of 
the feature itself, in a search for clues that may suggest the time and 
mode of origin; (2) by a close study of processes, still active on the 
Earth, which may have played a part in fashioning the feature as we 
now see it. Thus we seek to read the complete history of every geo- 
logic feature and ultimately of the Earth itself. Because of this major 
objective of the study, geology is often called the historical science. A 
satisfactory introduction to the subject does not stop with an outline 
of chapters in the history that can be deciphered with fair assurance. 
The conclusions are significant only if the methods by which they 
have been reached are fully understood. Like any other growing sub- 
ject, geology extends far beyond the lighted zone of proved fact. It has 
also a large twilight zone of inference and probability, into which the 
full light of investigation continues to spread slowly; and beyond this 
a region of darkness, relieved only by flashes of speculation. Thus a 
fascinating field for future exploration awaits those who have the zeal 
and proper equipment for the venture. 

THE continents; movements op the ceust 

A brief discussion of one major problem that is still partly in the 
twilight zone will illustrate the scientific method as it is employed in 
geology and will at the same time give the background needed for an 
understanding of geologic processes described in later chapters. This 
problem concerns the relation between continental masses and deep- 
sea floors, mentioned briefly on page 6. Terrestrial life, including 
mankind, depends on the continued existence of large areas above sea- 
level. Do the present continents represent merely accidental irregu- 
larities of the Earth’s surface, doomed to eventual destruction by the 
forces of erosion? Is there constant danger that one or another conti- 
nent may disappear permanently by subsiding several thousands of feet 
while part of the deep-sea floor rises in equal measure? Does geologic 
evidence indicate that lands were once deep-sea floors? 

Equilibrium in the' Crust. Examination of the rocks that make up 
the Earth’s crust has brought out a highly significant fact. Under the 
continents,, rocks that approximate granite in their composition are 
predominant. In islands that rise from the floors of the oceans, how- 
ever, the rocks characteristically have the composition of dark basalt. 
Since thousands of islands' that dpt the vast Pacific area are the sum- 
mit's of volcanic mountains,- their composition seems to represent that 
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of the Pacific floor as a whole; if this floor were in any large part made 
of granite, some of the materials brought above' sealeyel by volcanic 
action would have granitic composition, just as granitic material ap- 
pears prominently in many great volcanic mountains on continents. 

Volume for volume, granitic rock is about 10 per cent lighter in 
weight than basaltic rock. Therefore an obvious hypothesis is sug- 
gested: great blocks in the crust made of low-density rocks, if they arc 
to rest in balance with adjacent blocks that have higher density, must 
have larger volume and hence will rise to greater height. Implications 



FtG. 4. Concept of a continent as the upper surface of a plate made of light-weight 
rocks, “floating” high above the heavier rocks on which it rests. Mountains are above 
the thickest parts of the plate, a plateau above a somewhat thinner part, low plains and 
continental shelves above still thinner parts. Great eruptions of basaltic lavas are repre- 
sented as rising through the entire thickness of the continental plate from the continuous 
substratum of heavy rock (p. 333). 'Vertical scale greatly exaggerated. 

of this hypothesis are so important that a more satisfactory checking 
of basic facts is demanded. Scattered oceanic islands represent only a 
tiny percentage of sea floors; is their testimony adequate? Fortu- 
nately, modern geophysical study of earthquakes yields accurate in- 
formation on the nature of the rock traversed by the elastic impulses 
that pass from the point of origin to recording stations (Chap. 16). 
Such impulses pass through ocean floors with the high velocities char- 
acteristic of elastic waves transmitted through basaltic rocks. On the 
other hand, beneath continents the impulses from earthquake shocks 
move with the lower velocities corresponding to those determined for 
granitic rocks. Thus the geophysical evidence convincingly supports 
direct observations on the compositions of continental masses and sea 
floors. Moreover, the geophysical studies suggest strongly that the 
light-weight rocks under continents form a plate not more than a few 
tens of miles thick, underlain by heavy rock similar to that under the 
oceans (Fig. 4). This conclusion is strengthened by the presence on 
the continents of .great fields of dark basaltic lavas, with strikingly 
uniform composition. These lavas, which have welled up through great 
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fissures, supposedly had their origin in fused portions of the basaltic 
"subcrust” which everywhere underlies the granitic plate forming a 
continental mass (Pig. 4) . 

Thus it appears that the continents are not chance irregularities on 
the Earth; they are the upper surfaces of light-weight masses which 
float high in a denser medium, much as an iceberg rises above the water 
in which it is immersed. The principle of equilibrium is further illus- 
trated in Fig. 5. Blocks of copper, with specific gravity 8.9, will float 
in mercury, wfliich has specific gravity 13.6. The heights to which 
blocks rise above the surface are proportional to the depths of im- 
mersion. This suggests at once that in great mountain belts, such as 





Fig. 5. Copper blocks, equal in cross section but unequal in length, float in mercury. 
They sink to unequal depth and also rise to unequal heiglit. According to this conception 
of isostasy, a continent is the upper surface of a light-rock shell, essentially uniform in 
density but with variations in thickness. The thinner portions form low plains, whereas 
thicker parts project upward as plateaus and mountains. (See Fig. 4.) 

the Andes and the Alps, the continental plate of light-weight rock is 
considerably thicker than under areas of low plains; the thicker seg- 
ments are buoyed to greater height, and thus the great mountain masses 
are not loads on the Earth's crust— they rest in equilibrium, as do the 
higher blocks in Fig. 5. 

The illustration of blocks floating in a liquid may appear highly 
artificial as applied to continental masses, since the Earth’s crust is 
rigid. However, rock, which appears very strong in man-made struc- 
tures, is w’eak and yielding in masses of continental dimensions. The 
Earth does not have the form of a cube or other angular figure, for a 
good mechanical reason. If the Earth could by some powerful force 
be greatly distorted and the force were then removed, physical law 
wmuld quickly bring restoration to a figure of equilibrium. This figure 
would be essentially a sphere if there were no rapid rotation ; but spin- 
ning on an axis makes the figure an oblate spheroid, with the degree of 
flattening determined by the rate of spinning. Similarly if the conti- 
nental mass shown in Fig. 4 could be forced down until its surface was 
below sealevel, and then released, the familiar Archimedes’ principle, 
or law of buoyancy, wouldicause slow deformation of the rocks beneath 
the continent until the surface arose to the proper height for equi- 
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librium. The term isostasy (i-s6s'ta-si) — -from the Greek, meaning 
“equal standing’ —is used for this condition of balance between seg- 
ments of the Earth’s crust. 

Evidence in Glaciated Regions. It is not an idle speculation to sug- 
gest a force capable of bending a continental mass downward. More 
than once the lands that are now in the temperate zones have been 
chilled until great ice sheets thousands of feet thick covered millions 
of square miles (Chap. 9). These vast sheets of ice were rhade of 
water evaporated from the seas and precipitated as snow on the lands. 
Withdrawal of so much sea w^ater lightened the load on all sea floors 
and concentrated this load on a much smaller total land area. After 
climates again grew warmer and the latest North American ice sheet 
vanished — only a few thousands of years ago — ^the sea invaded large 
areas in southeastern Canada and northeastern United States, but was 
excluded by later uplift of those areas. Emerged shorelines, associated 
with beach deposits that contain marine shells and bones of dolphins 
and whales, are found in the region of Lake Champlain and Montreal 
several hundred feet above present sealevel. Similar evidence is found 
in Scandinavia and Finland, which also were buried under thick ice 
during this glacial age (Fig. 225, p. 354) . The inference is that the im- 
mense loads of glacier ice depressed the lands. After the loads were 
removed some time was required for restoration of balance by slow 
flowage in the rocks at depth. Before adjustment had progressed far, 
the sea came in to cover the depressed areas; and as balance was grad- 
ually restored by regional uplift the sea was expelled. Although it is 
thousands of years since the ice disappeared, the adjustment is not yet 
complete, as parts of Scandinavia are still rising at the rate of 2 or 3 
feet in a century (p. 353) and the Great Lakes region in North America 
is undergoing measurable tilting by continuing uplift in Canada, where 
the ice load on this continent was greatest. 

Isostatic Adjustment. The history of glaciated regions provides 
striking confirmation of isostasy in the Earth’s crust. Shifting of large 
masses from one place to another, as in the transfer of sea water to 
form ice sheets on land, causes a change in the form of the Earth in 
order to restore equilibrium between loaded and unloaded areas. The 
growth and wasting of ice sheets has caused large but comparatively 
brief changes in distribution of the load of water on the Earth. Other 
geologic processes bring about equally large and more permanent trans- 
fers of mass. For example, great chains of mountains such as the 
Rockies are being eroded vigorously, and the resulting debris is being 
carried by streams to lowlands and sea floors hundreds or thousands of 
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miles away. We see evidence that the present Appalachian ridges rep- 
resent mere stumps of once-great chains from which erosion has re- 
moved vast quantities of rock. There is abundant evidence also that, 
as the agelong destruction of the Appalachian chains progressed, the 
region was repeatedly arched up (pp. 474, 500), just as the glaciated 
areas of continents were uplifted on removal of the load of ice. 


Mountains 


Sediments deposited 



Fig. 6. The high mountain block A is eroded, the material removed is carried to lower 
levels, aird part of it is deposited on the low block B. When deposition began, the top of 
block B was at h, its base at c. Under the load of accumulating deposits (density 2.2) 
the top of the block is depressed to h', its ba.se to c'. As load is removed from the top of 
A, uplift of the block occurs, with the slow flowage of material at depth to maintain bal- 
ance between the loaded and unloaded blocks. As the block rises, the space between r 
and r', formerly filled with rock of density 2.7, comes to be occupied by rock of density 3.3. 
If the average thickness of this space is 9000 feet, the average thickness of lighter rock 
eroded from the mountain area must be 9000 feet -b 2000 feet (the average measure of 
lowering from the original surface), since the ratio 2.7; 3.3 5= 9:11. 

Therefore the principle of isostatic balance in the Earth’s crust is 
supported by impressive evidence and is winning acceptance as a 
natural law.^ However, large questions remain, and some aspects of 
the problem are still in the realm of hypothesis. What is the mech- 
anism of adjustment when great loads are shifted? If a highland con- 

Studies of the lateral attraction exerted by great mountain masses, and of 
precise gravity values determined at numerous locations, widely distributed, give 
further strong support to the concept of isostatic balance in the Earth’s crust. 
Space required for a satisfactory explanation of this evidence is not available 
here. See Reading Reference 2, page 27. 
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tinues to rise as material is removed from it by erosion, how can a 
mountain chain ever be reduced to low altitude? An attempt to answer 
these questions is represented in Fig. 6. It is well known that tempera- 
ture in the outer part of the Earth rises with inereasing depth. Some 
tens of miles down the rocks must be many hundreds of degrees hotter 
than at the surface. Although at such depths the high pressure tends 
to increase rigidity, it is supposed that the high temperature must make 
the rock weak. Removal of load from A disturbs balance; pressure from 
surrounding parts of the crust— especially from a loaded segment such 
as B — starts slow flowage in the weak zone at depth, forcing the light- 
ened segment A to rise until equilibrium is restored. If the rock forced 
up under A had the same density as the rock eroded from the top, uplift 
and erosion could continue indefinitely, with no permanent reduction 
in height of the highland. However, as explained on page 15, we have 
good reason to believe that the light granitic rock in a continent is 
underlain at moderate depth by heavier basaltic rock. If, as appears 
highly probable, flowage to restore balance occurs in the heavy “sub- 
crust,” highlands will be gradually lowered as erosion goes on, as 
shown by the following analysis. 

Granitic rocks have average specific gravity about 2.7. The dark- 
colored rocks are considerably heavier; at depths of some tens of miles 
the specific gravity may be as high as 3.3. As a given mass of rock is 
eroded from the top of block A of Fig. 6, the block must rise enough 
to admit an equal mass at its base, if balance with adjacent blocks is 
to be maintained. However, dense rock rises at the base to replace 
lighter rock removed from the top. Equal masses of these rocks will 
have volumes inversely proportional to their specific gravities. That 
is, a layer of the deep-seated rock 2.7 feet thick is equal in weight to 
a layer of the rock at the surface 3.3 feet thick. Since 3.3: 2.7 = 11 
900 feet thickness of the dense rock rising at the base of the block will 
exactly offset the loss of 1100 feet thickness at the top. Therefore 1100 
feet must be eroded from the highland in order to effect a net lowering 
to the extent of 200 feet. If the highland has anTnitial average height 
of 4500 feet, to lower it by 4000 feet will require removal through 
erosion of (4000/200) X 1100, or 22,000 feet of rock. Thus a mountain 
chain is a remarkably persistent feature; it can be reduced to a low 
hill-country only by continued erosion through a vast span of time. 
Nevertheless, there are many old mountain belts in various stages of 
destruction, including complete leveling by the forces of erosion (Chap. 
19). 


A. W. ROGERS. 


Fig. 7 . Folded strata along the Buff els River, north side of the Cape Ranges, 

Cape Province, South Africa. The folds are overturned toward the right (north'). 

Renewed Thickening of Continental Masses. Material eroded 
from highlands is carried by streams and dumped into the sea at con- 
tinental margins, building out deltas, coastal plains, and continental 
shelves. Thus the continents grow wider, and, as the areas planed 
down by erosion are repeatedly uplifted to maintain isostatic balance, 
the continental plates made of light granitic rock tend to become 
thinner. If no force intervened to offset this tendency, all highlands 
would eventually disappear, erosion by streams would slowly wear the 
continents almost to sealevel, and the waves of the sea would erode 
inland until all the lands were consumed. Actually, although the Earth 
is very old, mountains and plateaus stand at great heights, and some 
youthful mountain chains, as in the East Indies and coastal Alaska, 
are actively growing today. Many of the greatest highlands, including 
the lofty Mount Everest and the Tibetan Plateau, bear on their sum- 
mits strata that were formed in shallow seas. Clearly, therefore, some- 
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thing is at work to defeat the slow leveling action of erosion. What 
forces are involved in thus renewing the lands, and how do they 
operate? 


In all great mountain chains, those old and much eroded as well as 
the lofty ranges of more recent date, sedimentary strata have been 
strongly buckled and crumpled (Figs. 7, 8), and rocks of all kinds have 
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Fig. 8. Layers of limestone, shale, and sandstone, deposited on the floor of a former 
sea, and later strongly buckled by compressive forces. Appalachian Mountains, western 
Virginia. 

been riven into great slices which are crowded together, one on another, 
overlapping like shingles on a roof (Fig. 9). This kind of deforma- 
tion indicates that powerful compression has acted horizontally^ driv- 
ing masses of rock together and heaping them up in the long mountain 
belts. However, we have considered the evidence (p. 16) that a great 
mountain mass can rise above the general level only because it is 
buoyed up by light-weight rock extending to exceptional depth (Fig. 
4) . Therefore horizontal compression, in making mountain chains, has 
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Fig. 9. Layers of limestone, shale, and sandstone, originally horizontal, now in great 
overlapping blocks that were driven together by compressive forces. Appalachian Moun- 
tains, southwostern Virginia. 

not simply forced great wrinkles above the general level of the Earth’s 
surface. The plate of continental. rock in the mountain zone must have 
been thickened by the powerful squeezing, and the mountain masses 
now reflect the zone of thickening, above which they are held in iso- 
static equilibrium. Such a newly formed belt of highlands is attacked 
with special vigor by the agents of erosion, and the resulting debris, 
consisting of boulders, pebbles, sand, and mud, is carried by streams to 
the lowlands and into the sea. As weight is thus removed from the 
highland, uplift occurs repeatedly because of flowage at depth to main- 
tain isostatic balance (Fig. 6). After a vast span of time the thick- 
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enecl part of the continental plate grows thinner through continued 
erosion, and the former mountain belt becomes a low, hilly country, 
although evidence of the earlier history remains in the buckled and 
fractured bedrock. Thus we recognize the “stumps” of ancient moun- 
tains in parts of France, Great Britain, and southern New England 
where no high topography exists at present. Mountain belts in various 
stages of destruction testify to repeated action, through geologic time, 
of the forces that thicken the continental plates and thus offset the 
leveling effects of erosion. 

Large Unsolved Problems. Thus by the scientific method, using 
the observations and reasoning of many workers through several gen- 
erations, geology has arrived at a general comprehension of the mech- 
anism that has governed the changing face of the Earth through its 
long history. This is not to say that all the mysteries, or even those 
most profound, have been solved. We can only speculate on how the 
continental masses first came into existence as plates of light-weight 
rock covering about a third of the solid body of the Earth. Moreover, 
we do not know the nature and origin of the forces that have repeatedly 
deformed and thickened the continental plates. Speculations on some 
of these challenging problems are outlined in later pages (Chap. 19). 
This speculative aspect of geology is fascinating and valuable, although 
sometimes dangerous to the uninitiated. Use of the scientific method 
must take account of speculation along with fact and logical inference, 
distinguishing carefully among them. Careless broadcasting of hy- 
potheses as if they were demonstrated truths has given rise to unfortu- 
nate misconceptions about the Earth and its history. 

Contest between Internal and External Forces 

From this brief analysis, it is clear that agents of two distinct kinds 
act on and modify the outer part of the Earth. The agents of one kind 
attack the rocks exposed at the surface, breaking them to pieces, chang- 
ing them chemically, and moving the resulting debris to lower levels. 
Air and water, under the control of gravity, are the chief agents con- 
cerned in these activities; the essential energy for their work is supplied 
by the heat and light of the Sun. As explained in detail on later pages 
(Chap. 3), this energy is expressed in complex physical and chemical 
processes by which rock is weathered into soil and other loose material. 
Solar energy also causes evaporation, from seas and land surfaces, of 
the water which later is precipitated as rain and snow. The resulting 
streams and glaciers are the most powerful eroding agents, carrying 
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away rock debris already formed and cutting directly into the bedrock 
(Chaps. 5, 9). Waves and currents of the sea, which also are mani- 
festations of solar energy, erode the margins of the lands and spread 
out on the sea floors the waste brought down by streams (Chap. 11). 
All these agents combine in grading the Earth’s surface, cutting down 
elevations and filling depressions ; hence they are commonly known as 
the agents of gradation. If they could work without interruption, they 
would in time cut all the lands below sealevel and carry the loose prod- 



Fig. 10. Diagi’ammatic representation of “rock cycles,” indicating that matei'ial in 
the Earth’s crust may pass through the igneous, sedimentary, and metamorphic states 
repeatedly and in several possible sequences. 


ucts into deep water, below the effective reach of waves and currents 
(Chaps. 6, 11) . 

Since marine sedimentary rocks underlie large areas of the present 
continents, even in the highest mountains and plateaus, manifestly 
there are forces within the Earth that cause widespread uplift and thus 
tend to offset the W’earing away of the lands by destructive surface 
agents. These internal forces elevate and depress large areas by gentle 
bending or warping of the crust, a process that has repeatedly caused 
emergence and submergence of large land masses in all the continents. 
In part these warping movements result from isostatic adjustment to 
loading and unloading, as material is shifted from one area of the 
Earth’s surface to another (pp. 18, 19). However, such a mechanism 
of adjustment does not explain why areas that were for long periods 
subsiding sea floors have later been warped up to form high plateaus. 
The forces within the Earth also cause violent crumpling and breaking 
of the rocks in mountain zones, which rise as great welts above their 
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surroundings. Volcanic products, rising from pockets of molten rock 
produced by localized heat, build up high peaks and extensive plateaus. 
Thus there are internal agents co-operating to raise the lands and in- 
crease their irregularity, in contrast and in opposition to the grading 
effects of the agents controlled by solar energy. 

In the agelong contest between the internal and external Earth forces, 
much of the rock material in the crust passes through a succession of 
major changes. For example, granite exposed in a mountain region 
decays and breaks up, and the resulting debris is carried by streams 
into the sea, where it is built up, layer by layer, into a thick section 
of sediments. Perhaps at a later date these sedimentary layers arc 
caught in the powerful vise of mountain-making forces, which not only 
crush and elevate the rock mass but also, as a result of great and long- 
continued pressure, change the mineral composition and appearance of 
the layers until they are no longer recognizable as sedimentary rocks 
and are classed as metamorphic rocks. As this mountain mass is at- 
tacked by the weather and by running water, the rocks are again re- 
duced to gravel, sand, and smaller particles, which are swept away to 
be spread out in a new series of sedimentary layers. Some of the rock 
material now visible at the Earth’s surface may have passed through 
several of these major cycles of change, each requiring many millions 
of years (Fig. 10) . 

The Time Factor lisr Geology 

From the geologist’s viewpoint, therefore, the Earth is dynamic and 
changing; not static and inert. However, since most of the changes are 
slow as judged by human standards, it is necessary to form some con- 
ception of geologic time in order to appreciate the continuity of Earth 
history. The study of geology revolutionizes ordinary notions of time, 
just as a moderate knowledge of astronomy gives a new vision of 
space. Our Solar System has grand dimensions, and yet in its entirety 
it is but a point by comparison with the stupendous diameter of the 
starry galaxy. Similarly we think of the earliest human records as very 
ancient; but in a geologic sense the first appearance of man, some hun- 
dreds of thousands of years ago, is a modern event. The oldest relics 
of primitive men are found only in the superficial rock debris formed 
in the latest geologic epochs. In the thousands of years that have 
elapsed since the oldest civilizations existed, the major landscape fea- 
tures of the Earth have remained essentially unchanged ; but we know 
from the immensely longer geologic record that, before man appeared, 



Fig. 11 . Grand Canyon of the Colorado. The inner gorge (of which only a limited 
segment appears in the view') is cut into granite and metamorphic rocks; it is about 
1000 feet deep. The higher part of the valley is cut through flat-lying layers of 
sandstone, shale, and limestone, most of which were formed on ancient sea floors. 
The steep cliffs are developed on resistant layers, and the gentler slopes on weak 
layers. The outer rim is several miles distant from the river and 5000 to 6000 
feet above it. 

generations of mountains were made and worn away by tlie same de- 
liberate forces now at work. The length of time required for such trans- 
formations has been almost inconceivably great. How long has it taken 
for the Colorado River to excavate the Grand Canyon? We are aston- 
ished at the realization that the slow action of water has carried away 
so many cubic miles of solid rock. Nevertheless the Grand Canyon is 
a youthful feature, in the perspective of Earth history. The general 
record of earlier events is written plainly in the rocks (Fig. 11) 
traversed by the trail in climbing the vertical mile from the inner 
gorge to the outer rim. Mountains were made and worn down; then 
the land was submerged beneath the sea for long ages and continued 
to sink slowly while mud and sand built up deposits thousands of feet 
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thick; this loose material was converted into firm rock; and finally the 
rising of the wide plateau region high above the sea, in late geologic 
time, permitted the cutting of the canyon. 

Since the whole of written human history is comprised within a few 
thousands of years, it is difficult to accustom ourselves to the much 
greater time scale of Earth history. The statement that some rocks 
are more than 1000 million years old excites an understandable skep- 
ticism. However, this statement is the result of exact calculations 
based on dependable evidence found within the rocks themselves. 
Uranium and other radioactive chemical elements disintegrate con- 
tinuously, at a measurable rate which seems to be absolutely uniform 
under all known conditions of temperature and pressure. As soon as 
a mineral containing uranium has been formed in a rock, helium gas 
and other products that result from the breaking down of uranium 
begin to be differentiated. The end product of the change is one kind 
of lead, which accumulates in the mineral. The ratio of this lead to 
the uranium steadily increases with the passage of time; and, since the 
rate of the change has been determined precisely, the age of a uranium 
mineral can be calculated after a chemical analysis reveals the exact 
ratio of lead to uranium in the mineral. It is as if a clock had been set 
going in each of these minerals at the moment of its origin ; the geolo- 
gist, with the aid of the chemist and the physicist, is now able to read 
the exact time on each of the clocks. By means of this remarkable 
method it has been determined that the length of geologic time is at 
least 2000 million years (Appendix D). In such a vast span of time 
it has been possible for the slow processes now in operation to fashion 
and destroy generations of mountains and to accomplish other aston- 
ishing changes to which the rocks bear elociuent testimony. The closest 
study of the geologic record has revealed “no vestige of a beginning, no 
prospect of an end.” 

Because most of the changes in the surface forms of the Earth and 
in the structure of the bedrock proceed slowly, and continue through 
long ages, obviously much of the evidence by which we decipher the 
full histoiy has to be circumstantial rather than direct. Some geologic 
processes, such as the decay of rocks at the surface, erosion by streams 
and by glaciers, and volcanism, can be seen in operation. The effects 
of these processes, though small during the lifetime of a man, clearly 
are cumulative. No observer doubts that the vast pile of Mount Etna 
has resulted from repeated eruptions like those that have been wit- 
nessed by living persons, though only a small part of the growth of the 
mountain has occurred during recorded human history. Similarly the 
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full effects of stream erosion in fashioning landscapes come to be ap- 
preciated through comparative study of numerous stream valleys which 
represent obvious stages of development, from youthful to very old. 

The introductory study of physical geology examines the processes 
now operating on and within the Earth and considers the evidence that 
all the visible features, in surface forms and in the bedrock, have been 
produced by these same processes, during geologic time. In other 
words, the chief objective in the study of physical geology is to make 
clear the methods by which the geologic record may be deciphered. 
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WEATHERING AND ITS PART IN EROSION 

Bedrock and Mantle. Bedrock underlies all parts of the land sur- 
face, and, although it is concealed in large areas, it can be reached by 
digging or drilling to sufficient depth. The cover, which ranges in thick- 
ness from a few inches to hundreds of feet, consists of soil, clay, sand, 
gravel, and other loose material. Obviously the coarser pieces are frag- 
ments of rock or of individual minerals; and a powerful microscope 
shows that rock particles, some fresh and others very much altered, 
make up a large part of the fine material also. This complex assem- 
blage of rock debris that covers the bedrock is the mantle (Fig. 12) . 

Careful examination of the mantle in a wide region reveals that in 
some places all the recognizable particles consist of minerals found in 
the bedrock directly beneath. In other places, however, most or all of 
the constituents have no apparent relation to the underlying rock. It 
is a logical inference that the mineral fragments in the mantle have 
been detached from firm bedrock and that much of the debris has been 
removed from its place of origin. The part that remains essentially in 
place is residml mantle; the part that is carried away and dropped 
elsewhere forms transported mantle. 

Weathering and Erosion. Wherever the bedrock is exposed at the 
surface, as in a cliff, it has been obviously changed. Usually some 
blocks or chips of the rock are loose, and others can be detached with 
little effort. Many of these pieces are so rotten that they crumble in 
the fingers. By quarrying into the cliff we encounter firmer, fresher 
rock; but along joints or crevices some staining and softening are evi- 
dent to considerable depths. Even the most casual observer recognizes 
that the outer part of the rock has been changed by exposure to the 
weather. Accordingly we say that the rock has been weathered, and 
the rather complex set of processes involved in the breaking up and 
decay is called weathering. Aside from its fundamental position among 
geologic processes, weathering is of vital importance to the human 
race because it results in soils which are the basis of all life on the 
lands. 



WEATHERING AND ITS PART IN EROSION 29 

Most cliffs also suggest plainly that they are remnants left by the 
disappearance of great quantities of rock around them (Figs. 11 and 
35). Regular layers end abruptly at a cliff face, and since identical 
layers can be recognized in neighboring cliffs or hills we can hardly 
avoid the inference that the layers once were continuous across the 
intervening space. It is difficult to imagine the removal of so much 
resistant rock; but the weathered condition of the rock now exposed at 
the surface suggests that this process of decay, continued for a very long 
time, has greatly facilitated the wmrk of running water and other agents 
in fashioning the present landscapes. 

The loosening and removal of rock material by any process at the 
Earth’s surface is erosion. Since streams, glaciers, the sea, and the wind 
are important agents involved in actually removing the debris, w^e rec- 
ognize as separate processes stream erosion, glacial erosion, marine 
erosion, and wind erosion. In each of these processes considerable fresh 
rock is carried away in addition to more or less weathered material; 
but, both directly and indirectly, weathering increases enormously the 
rate and effectiveness of the other erosive agents. Therefore the weath- 
ering of rocks is one of the most important parts of general erosion. 



Fig. 12. Fiedn Mjountain, n?ar Creeds, Colorado. The loose rubble on the slops 
in the background is as coarse as that in the foreground. Some of the bedrock 
shows in r eminent outcrops on the mountain side. 
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Weatheeing 

Role of the Atmosphere. The chief agent of weathering, as of the 
weather, is the atmosphere, which uses energy derived from the heat of 
the Sun. Although it is for the most part invisible, the atmosphere is 
responsible for vast changes on the Earth, By carrying moisture from 
the sea and precipitating it on the continents the atmosphere makes 
possible the formation of streams and glaciers, which are powerful erod- 
ing agents. Winds, by blowing dust and sand, accomplish some erosion 
directly, and by generating waves on the sea they cause marine erosion 
of the coasts. Therefore the greater part of erosion is chargeable cither 
indirectly or directly to the atmosphere. For the present, however, we 
shall consider only its role in rock weathering. 

The important geologic activities of the atmosphere depend on its 
peculiar physical and chemical properties. Since it consists of gases 
it penetrates readily into all crevices and other openings that lead 
down from the Earth’s surface and so comes into contact with much of 
the bedrock in addition to exposed surfaces. About three-fourths of the 
atmosphere consists of the gas nitrogen, which is rather inert chemi- 
cally, although with the aid of certain plants and bacteria it enters 
into some important reactions in the ground. Oxygen, which makes 
up most of the remaining one-fourth, is enormously more active chemi- 
cally and plays a large part in the attack on rocks. Water vapor is a 
highly variable constituent of the air, but its geologic role is large. 
Precipitated as rain or dew, it moistens the rocks, dissolves some of 
the minerals directly, takes an essential part in many chemical reac- 
tions, and assists in mechanical changes also. Carbon dioxide, which 
normally forms only 3 parts in 10,000 of the atmosphere by volume, 
has an importance out of all proportion to its rank in quantity. Aside 
from its vital function in supplying carbon to growing plants, carbon 
dioxide combines with certain of the elements in rocks and forms new 
mineral substances, some of which are readily soluble in water. 

Other substances form small fractions of the atmosphere, but oxygen, 
water vapor, and carbon dioxide are the only constituents that are of 
large direct importance in rock weathering. 

Other Factors Involved. Temperature plays a significant part in 
weathering. High temperature speeds, up chemical action, and low 
temperature causes disruption by freezing. 

Plants and animals help, directly in the disruption of rocks and 
indirectly but more effectively by producing substances that attack 
minerals chemically. 
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Water, after it is precipitated and is no longer part of the atmos- 
phere, continues to be a prime factor in weathering as long as it remains 
on the surface or at shallow depths in the crevices of bedrock and in the 
pore spaces of the mantle. 

: Gravity is a local factor in weathering, since rock masses arc shat- 
tered by falling from cliffs or sliding on steep slopes. 

Mechanical and Chemical Weathering. A twofold division is rec- 
ognizable in the general effects of weathering. On the one hand, what- 


( 7 . K. Gilbert, V. S. Geological Survey. 


Fractures in the bedrock which aid weathering by allowing ready entr: 
water, air, and plant roots. Sierra Nevada, California. 


ever the original nature of the rock, it is broken into smaller pieces. 
This mechanical breakup of rocks, with or without some chemical alter- 
ation, is called disintegration. On the other hand, the composition of 
the constituent minerals is changed by chemical attack, resulting in 
decomposition or ‘hotting” of the rock. Disintegration and decomposi- 
tion usually proceed together and are so interrelated that they can not 
be distinguished clearly as results of wholly different processes. How- 
ever, under certain conditions one effect predominates over the other. 
Disintegration and decomposition of bedrock are facilitated by the 
presence in nearly all rocks of numerous cracks and crevices (Fig. 13) 
which allow ready entrance of air, water, and other weathering agents. 
Even some of the mineral grains have cleavage planes or minute cracks 
whicli admit some moisture. By weathering processes these original 
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openings are widened and others are formed. The loose arrangement 
and high porosity of the mantle make it especially susceptible to con- 
tinued weathering. 

DECOMPOSITION OP ROCKS (rOCK ROTITNG) 

Mechanical breaking up of rocks makes decomposition much more 
effective, because the chemical agents can attack each newly made 
fragment from all sides simultaneously and can descend ever deeper 
into bedrock as new cracks are formed or old ones are extended. How- 
ever, since decomposition is directly responsible for some of the me- 
chanicar disruption, it is advisable to consider the chemical aspect of 
weathering first. 

Effects of Oxygen, Water, and Carbon Dioxide. A piece of bright 
new steel exposed to the weather becomes coated in a short time with 
yellowish brown rust. If the exposure is continued for months and 
years scales of rust fall from the surface of the steel, and finally the 
entire piece can be crumbled into brown dust. In popular parlance, the 
steel has rusted away or decomposed; in chemical terms, the iron of 
which the steel was chiefly composed has reacted with oxygen and water 
to form a new substance, hydrous iron oxide or limonite. This is an 
example of oxidation (chemical union with oxygen) and of hydration 
(chemical union with water). 

A piece of bright copper exposed to the air keeps its original appear- 
ance longer than steel but eventually turns green from union of copper 
with carbon dioxide in the air, to form basic copper carbonate. This 
reaction is carbomtion, a process that attacks some substances in ex- 
posed bedrock, with consequent weakening of the rock. 

Another important chemical process related to hydration is hy- 
drolysis, which is a consequence of partial dissociation of water dur- 
ing complex reactions that occur in the moist mantle. Hydrolysis plays 
a role in the weathering of feldspar (p. 33). 

Rocks exposed at the Earth’s surface consist of various minerals, and 
these react to the chemical agents of weathering differently and at very 
different rates. Iron in such minerals as black mica in a granite or 
pyroxene in a basalt unites slowly with oxygen and water to form 
limonite, which makes a brown stain on the surface of the rock. But 
the reaction is far more complex than the last Statement suggests. Be- 
fore the iron in pyroxene, for example, is released to form limonite, the 
entire original composition, of the mineral is broken up, and then the 
various elements enter into, new combinations, some involving carbon 
dioxide, oxygen, and water. The result is softening and partial or total 
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disruption of the mineral grains, not only at the surface but also along 
any crevices into which moisture can penetrate. In fact, the change 
may be more effective at a slight depth than on a bare surface, since 
moisture lingers in the shelter of crevices and enables the chemical 
work there to continue without interruption, whereas intermittent dry- 
ing retards decomposition on surfaces exposed directly to the air. 

Solution. Chemical reactions do not proceed readily between dry 
substances, as we know from laboratory experiments. Therefore one 
of the most essential parts played by water in the changes described 
above is to serve as a medium in which other reagents can w^ork. Be- 
sides performing this essential indirect function, and in addition to its 
union with other substances in the process of hydration, water aids in 
decomposing the rocks by removing certain minerals in solution. Only 
a few common minerals are soluble in pure water, but many others dis- 
solve in carbonic acid (H2C0a) which forms when carbon dioxide (CO2) 
unites with water. For example, the mineral calcite (calcium carbo- 
nate, CaCOa) is nearly insoluble in pure water, but carbonic acid con- 
verts it into calcium bicarbonate, CaH2 (003)2, which dissolves and is 
carried away by water percolating through the pores and crevices in 
the rock. Calcium carbonate is the chief constituent of limestone, and 
vast quantities of this rock have been carried away in solution (Chap. 
7). Other less soluble mineral grains scattered through various rocks 
dissolve more slowly, but their loss weakens the rock and provides ad- 
ditional openings to be used by chemical reagents. 

The continued removal of soluble material by water percolating 
through the mantle or through shattered bedrock is termed leaching. 

Decomposition of Feldspar. Since feldspars are the most abundant 
rock-making minerals, their response to weathering merits particular 
attention. When feldspar decomposes, the chief product is clay, which 
is of great importance because it is one of the commonest materials in 
the mantle and also because it goes into the formation of shale, the most 
abundant type of sedimentary rock (p. 572) . The chemical weathering 
of orthoclase, one mineral of the feldspar group, is outlined as follows: 

Orthoclase (KAlSigOs) + water (H2O) + carbon dioxide (CO2) 

e= clay (various hydrous aluminum silicates) -f silica (Si02) 
+ potassium carbonate (K2GO3) 

Complete decomposition of feldspar requires considerable rainfall and 
a warm or temperate climate. The carbon dioxide involved in the 
reaction comes in part directly from the air but chiefly from decaying 
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vegetation. Some of the potassium carbonate (potash) formed is dis- 
solved by water and removed, but part of it is held by the clay and is 
used as plant food if the clay becomes transformed to soil (p. 46). 

The generalized formula for decomposition of orthoclase may suggest 
that the process is simple and altogether inorganic. Nothing could be 
farther from fact. Reactions that take place in the decomposing mantle 
are so complex that even after long and concentrated study by soils 
specialists the exact nature of these reactions is in large part obscure. 
It is realized that an important part of the change is biogenic; that is, 
brought about through the agency of organisms, both plant and ani- 
mal. Moreover the products of these reactions are extremely complex. 
Clays, the chief product of weathered feldspar, consist of several dis- 
tinct minerals that exist in particles of submicroscopic size and there- 
fore can not be studied by ordinary means. Use of powerful X-ray 
equipment and of the electron microscope reveals some of the proper- 
ties of these minerals; but many important facts remain unknown in 
spite of the most ingenious modern techniques. Development and be- 
havior of the clay minerals involve the difficult principles of colloidal 
chemistry. Many profound problems met in the study of clays must 
be solved before we shall have a reasonably full understanding of 'the 
soils that supply our food. 

Chemical Weathering o£ Other Minerals. Amphibole, pyroxene, 
and other common minerals that contain aluminum also yield clay when 
they are decomposed. Several of these minerals contain some iron, 
which commonly becomes oxidized, and thus the clay acquires a yel- 
lowish or reddish color. 

Quartz resists chemical weathering more successfully than any other 
common mineral in the rocks. Therefore, when feldspar and other 
minerals decay, the associated grains of quartz remain essentially un- 
changed. Since quartz is hard and has no cleavage to form planes of 
weakness, its grains also, better than those of most other minerals, 
resist mechanical wear by wind, streams, and waves, and therefore 
sand and gravel come to consist largely of quartz particles. Much of 
the sand that now lies on beaches or in shifting dunes is made up of 
quartz grains that were weathered from granites and related rocks 
during remote geologic periods. 

DISINTEGRATION OF ROCKS (rOCK BREAKING) 

Effects of Freezing Water. When water freezes it expands by 
nearly one-tenth of its volume, and if it is in a closed vessel the pressure 
on the walls is very great. In the days of muzzle-loading cannon this 
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principle was utilized in disposing of captured enemy artillery. Rocks 
in exposed positions are disrupted by repeated freezing and thawing of 
water in cracks or pore spaces (Fig.. 14) ; the mechanism is aptly called 
frost wedging. Although the water in most openings in rocks forms a 
system open to the air, preliminary freezing in the upper parts of water- 
fillcd crevices may form closed systems in W’-hich further freezing will 
cause bursting pressures. The effect is confined to a shallow zone and 


F, E. Matthes, U. S. Geological Survey. 


Fig. 14. Blocks of granite sprung apart by frost wedging. Sierra Nevada, California. 


is most noticeable near the edges of cliffs where blocks are poorly sup- 


ported. In high mountains, freezing at night occurs even during the 
summer months, and there the results are especially conspicuous. Prob- 
ably the ivedging apart of minute rock scales or mineral grains is as 
important in the long run as the dislodging of large blocks. 


Direct Effects of Temperature Changes. The heat of a forest fire j 


causes large flakes and spalls to break from exposed surfaces of granite 
and other rocks. Unlike iron and most other metals, rock is a poor 
conductor of heat ; fire heats only a thin outer shell, which expands and 
is disrupted by the strains that result. Since forest fires set by light- 
ning must have been common during long ages even before rnan came 
to disturb the economy of Nature, doubtless fire has been an agent of 
considerable importance in the disintegration of rocks at the Earth’s 
surface. 
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Theoretically the smaller changes in temperature between day and 
night may also cause slow disintegration of rocks. Disintegration is 
conspicuous in deserts. The grains of unlike minerals in granite and 
similar rocks become loose and fall apart, and it has been argued that 
this effect is produced by minute stresses between mineral grains due 
to unequal expansion and contraction of feldspar, quartz, and other 
minerals when they are heated and cooled. The spalling off of thin 
flakes and slabs from rock surfaces, an effect that is more common in 
moist than in dry climates, also has been ascribed to expansion and 
contraction through repeated heating and cooling. 

This theory has been tested by laboratory experiments, in which 
temperature ranges considerably greater than those recorded in any 
desert have failed to cause the slightest breaking of rock samples. In 
some experiments the changes in temperature have been repeated thou- 
sands of times by an automatic mechanism, to test the possibility that 
fatigue in the rock results from repetitions of small strains through a 
long period of time. Since no specimens subjected to such treatment 
have shown any changes detectable under powerful microscopes, there 
is serious doubt that temperature changes play any large part in 
weathering, except in connection with freezing water. It is probable 
that slight chemical changes, discussed below, are responsible for most 
of the effects that have been attributed to temperature changes. 

Mechanical Effects of Chemical Weathering. Many chemical 
changes cause considerable increase of volume. Hydration especially 
produces swelling of the parts of the rock affected and therefore sets 
up strains. The outer surface of an exposed rock dries rapidly; but 
moisture that penetrates into minute crevices remains until some decay 
is effected. Slow increase of volume at slight depth finally disrupts the 
rock, and pieces that are quite or nearly undecomposed are broken off. 
Exfoliation, the spalling off of flakes and of comparatively thin con- 
centric shells (Fig. 15), probably results chiefly from such chemical 
effects, although many observers have attempted to explain it as caused 
entirely by temperature changes. It is significant that exfoliation is 
common only in regions where moisture is fairly abundant, and not in 
deserts where rapid changes in temperature are most extreme. Detach- 
ment of thick shells of granite parallel to the surface of the ground is 
not a direct result of weathering. Many of the great shells that sepa- 
rate from the granite domes near Yosemite Valley, California, are 10 
feet or more in thickness (Fig, 16) ; and it is highly improbable that 
either hydration or any other weathering process can be the original 
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Exfoliation of granite, near Nevada City, California. This locality 
mountain district, where rainfall and temperature are moderate. 


common, and these more logically can be attributed to hydration or 
other chemical changes, assisted by freezing of water that is admitted 
by the initial cracks. 

The slow disintegration of granite into its constituent mineral grains 
probably results at least in part from hydration in microscopic crevices, 
even in the driest regions. In Egypt the surficial disintegration of 
granite blocks and monuments is more pronounced in shaded places 
where moisture is conserved than it on the sides most exposed to 
sunshine. Presumably the opposite Would be true if temperature 
changes were the cause. 


cause of the fracturing at such a depth below the surface. It has been 
suggested that relief of load by erosion of material from the top permits 
the rock to expand, with the result that thick shells are detached, as in 
the Yosemite domes and in Stone Mountain, Georgia. Exfoliated shells 
a fraction of an inch or at most a few inches thick are much more 
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Mechanical Work of Plants. The wedging apart of rocks by the 
roots and trunks of growing trees has some importance in weathering. 
Shrubs and smaller plants also send their rootlets into tiny crevices of 
the bedrock and slowly enlarge the openings. In the course of time, the 
amount of disintegration accomplished in this way must be large, but 
much of it is obscured by chemical weathering which takes advantage 
of the openings as soon as they are formed, and therefore the effect can 
not be evaluated quantitatively. 

FACTORS INFLUENCING THE RATE AND CHARACTER OF WEATHERING 
Influence of Climate. Pronounced contrasts in climatic conditions 
are accountable for striking differences in the rate of weathering and in 
the effects produced. Since both warmth and abundant water are es- 
sential to effective chemical change in rocks, chemical weathering pro- 
ceeds very slowly in polar regions even if moisture is plentiful, and in 
deserts even if temperature is high. Decomposition progresses most 


■B. C, CALKINS, U. S. GEOLOGICAL SURVEY. 

Fig. 16. Large shells of granite parallel to the surface. The top of the cliff is 
500 feet above the foreground, and some of the curved shells are 10 feet thick. N orth- 
easf side of Half Dome, Yosemite Valley, California. 
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rapidly and reaches to greatest depth in moist tropical lands, although 
it is quite effective also in temperate regions that have abundant rain. 

The controlling influence of rainfall appears convincingly in a com- 
parison of the rainfall belts of the United States (Fig. 17). Decom- 
posed mantle forms a thick cover in most parts of the southern Mis- 
sissippi Valley and of the South Atlantic States. In the southern 
Appalachians, where rainfall is exceptionally heavy, the residual man- 
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Fig. 17. Rainfall map of the United States. Conventional patterns show average annual 
rainfall in the several belts. 

tie attains thicknesses of tens and even hundreds of feet, and decompo- 
sition of its constituents is extreme. At the same latitude but with 
only one-fourth as much rainfall, the “panhandle” of Oklahoma has 
a thin mantle and numerous exposures of bedrock. In the arid region 
of southern Nevada and southeastern California, over great areas the 
bedrock actually appears at the surface or is veneered only with coarse 
rock debris that appears fresh or only slightly decayed. The coastal 
belt of Washington and Oregon has the heaviest rainfall in the United 
States, and the cover of decomposed mantle in that region is very thick, 
although the average temperature is considerably lower than in the 
southern Appalachians. In all moist regions of the temperate zones 
the luxuriant growth of vegetation is an indirect but powerful ally of 
the ordinary chemical processes. The dead plants build up in the 
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mantle a substance called humus, which furnishes carbon dioxide and 
thus increases the effectiveness of water in leaching the mantle and 
decomposing the bedrock. Arid regions are deficient in both soil and 
water for the growth of abundant vegetation, and therefore no humus 
is produced in such regions to reinforce the scanty water that is avail- 
able for weathering. 

It is evident that decomposition is dominant in moist parts of the 
country, and disintegration in the arid regions. It is not to be inferred, 
however, that forces causing mechanical breakdown are absent or of 
small consequence in areas where rainfall is large. Disintegration is 
very effective in such areas as long as bedrock is exposed ; but the 
results are partly obscured by chemical decay, and, as a thick decom- 
posed mantle develops, the bedrock beneath becomes more and more 
immune to mechanical disruption. In an arid region the forces caus- 
ing disintegration may actually be less powerful, but since no insulating 
mantle of soil or clay is formed the work continues unabated and the 
cumulative results are conspicuously displayed. Frost weathering is 
limited in such regions owing to the scarcity of water, and there is no 
proof that any important disintegration results from direct heating and 
cooling of the rocks (p. 36). Plants play an appreciable part in dis- 
integration only in areas sufficiently moist to support abundant vege- 
tation. Volume increase from chemical effects, which probably is one 
of the most important factors in mechanical weathering, is far more 
effective in moist than in dry elimates. 

Frost wedging functions at its best in high-temperate latitudes or in 
corresponding climatic zones of high mountains, where alternate freez- 
ing and thawing occur during a considerable part of the year. 

Influence of Topography. Since topography is an important ele- 
ment in determining climate, it exerts a large indirect effect on weather- 
ing. The average temperature decreases with increase of altitude, and 
hence frost action is effective in high mountains even in low latitudes. 
Rainfall generally increases with increasing height, and therefore even 
in a very dry region the mountain peaks and ridges have sufficient 
moisture for some- frost action and for considerable hydration of min- 
erals, with resulting disintegration of the rocks by scaling or spalling, 
in addition to some decomposition. , 

Topography has also a more direct control in the weathering process. 
Where slopes are steep most of the loosened debris falls, rolls, or is 
washed to lower levels, and thus fresh surfaces are exposed to the 
attack of the weather. At the bases of high cliffs the fallen blocks 
accumulate to form masses oi sUd&rock (Fig. 12). Such deposits de- 
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velop below cliffs in nearly all regions that have rugged relief, what- 
ever the nature of the climate. Their pi'esence is evidence of fairly 
rapid disintegration of the rocks above them. 

Mountains in moist regions ordinarily have their lower, gentler 
slopes covered in large part with decomposed mantle. Rolling topog- 
raphy at a moderate elevation offers the most favorable opportunity 
for decomposition to extend to great depth.. Vegetation protects the 
soil from rapid erosion, and as the upper part of the mantle decays 
more and more the chemical reagents penetrate to greater depth. 
There is a limit to this penetration, because below a certain depth all 
the openings are filled with water which moves very slowly or is almost 
stationary. Under areas that have moderate altitude, however, like 
some parts of the southern Appalachians, water in the ground drains 
downward, carrying carbon dioxide and organic acids to deeper zones 
and allowing the air to enter openings to considerable depth (Chap. 7). 

Influence of Rock Composition. Rocks vary greatly in their sus- 
ceptibility to weathering under different climatic conditions. Quartz 
is one of the most stable minerals, and rocks composed almost wholly 
of it, such as quartzite or siliceous sandstone, are especially stubborn 
in their resistance. Granite yields much more easily in any kind of 
climate; in a moist region the feldspar decomposes to form clay, and 
in a desert the grains of feldspar and quartz fall apart, probably 
through stresses set up by slight hydration of the feldspar. The actual 
rate at which these changes occur, however, is slow as judged by human 
standards. Granite has a long life in buildings and in monuments. In 
the Sierra Nevada some granite surfaces retain the polish and scratches 
formed by glacier ice thousands of years ago (Fig. 18) . 

Limestone is dissolved wherever there is sufficient water; caverns and 
sinks are formed (Chap. 7) , and the limestone finally disappears, leav- 
ing only the small amount of clay, sand, or other insoluble impurities 
that may have been contained in it. In a moist climate, therefore, 
limestone weathers faster than many other rocks and tends to form 
lowlands; but in arid lands extensive solution can not occur, and there 
limestone is one of the most resistant kinds of rock. In many parts 
of Nevada and adjacent States, thick series of limestone layers make 
the highest mountain ridges and peaks. 

Ordinary shale consists chiefly of clay which was the product of 
chemical weathering in an earlier geologic period. Further weathering 
can not cause much additional change in composition, but shale dis- 
integrates easily into soft clay, especially if it becomes thoroughly 
soaked with water, In regions of old mountains like the Appalachians, 




Fig. 18 . GraniU surface high on the mountain slope above Yo Semite Valley, Cali-' 
fomia. Movement of glacier ice during the latest ice age gave the bedrock a high 
polish. Although there may have been a covering of glacial debris that finally 
was removed by erosion, certainly the bedrock has been exposed for a long time; 
yet weathering has destroyed only part of the polished surface by loosening thin 
flakes and slabs of rock. 


where the rocks are steeply inclined sedimentary strata, the resistant 
sandstones come to form the high ridges, whereas the weaker shales and 
limestones underlie the valleys and plains. Some sandstones, however, 
are not highly resistant. If the grains are cemented with calcium car- 
bonate, solution removes the cementing material and the sand grains 
fall apart. 

PRODUCTS OP WEATHERING 

Residual Mantle. Wherever weathering occurs, part of the result- 
ing debris is carried away by running water, wind, or some other trans- 
porting agent. In some places the loosened material is removed as 
fast as it is formed, and the bedrock is exposed as outcrops (Fig. 12). 
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In many areas only part of the weathered rock is removed, by solution 
or otherwise, and a residue of the weathered material accumulates as 
residual mantle covering the bedrock to variable depth. In regions 
with plentifub rainfall the upper portion of this residual mantle nor- 


G. P. Merrill, U. S. National Museum. 

Fxg. 19. Residual mantle on bedrock. The , material grades from fii'm rock below, 
through rotten rock, into clay littered with rock fragments, and finally into soil made 
dark by humus. Near Washington, D. C. 

mally consists of soil, and there is a gradual change downward through 
clay that contains some rock fragments into more or less rotten rock 
(Fig. 19). This evident relation to the underlying rock, shown by 
almost insensible gradation into it, is characteristic of mantle formed 
in place. 

Residual mantle, of course, represents only a fraction of the original 
bedrock from, which it was derived! ■ Aside from continued losses that 
may have occurred through washing or blowing away of solid particles, 
all thoroughly weathered mantle has had a considerable percentage of 
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its original mass dissolved and carried away by water. Such elements 



as sodium, potassium, and calcium, abundant in the feldspars of igneous 
rocks, go into solution when these minerals are decomposed. The salts 
contained in sea water, and in brines like those of Great Salt Lake and 
the Dead Sea, have come in large part from the leaching of weathered 
rock during long ages. The vast quantities of limestone now exposed 


U. S. Geological Survey. 


Fig. 20. Residual boulders forming by weathering of jointed granite. Weathering 
progresses into each angular block, gradually rounding off the corners. Laramie Basin, 
Wyoming. 


on the continents represent calcium that was dissolved from older rock 
material and precipitated as carbonates on sea floors which later be- 
came land by elevation (Chap. 12). 

Residual Boulders; Spheroidal Weathering. In some situations 
most of the fine-grained products of weathering have been removed, 
but rounded boulders made of rock like the underlying bedrock are scat- 
tered on the surface. Many such boulders have been fashioned from 
rectangular blocks bounded by joints or cracks (Fig. 20) . Since the 
corners of such blocks are attacked from all sides simultaneously they 
are rounded off, and continued exfoliation of thin shells finally makes 
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the boulders nearly spherical or egg-shaped. Some of these residual 
boulders haYe an onion-like structure, with partly detached thin shells 
several layers deep (Fig. 21). This type of weathering is sometimes 
called spheroidal weathering. It takes place only in fairly moist cli- 
mates, and since the minerals in the shells show the effects of hydra- 
tion and other chemical changes, the belief that chemical effects rather 



W. D. Johnson, U. S. Geological Survey. 


Fig. 21. Granite boulder with concentric shells formed by weathering. Sierra Nevadi 
California. 


than temperature changes are responsible for exfoliation is strongly 
supported (p, 37) . 

Some bodies of rock contain masses of exceptionally resistant ma- 
terial which remain as residual boulders after weathering has reduced 
the weaker parts of the bedrock. ' For example, the chalk of southern 
England, well exposed in the cliffs of Dover, contains many nodules 
of dark flint. As the weak chalk is disintegrated and dissolved, the 
flint nodules are set free. Similar nodules of gray silica, known as 
chert, abound in some limestones in parts of the Appalachian region, 
the Middle West, and other sections’, of the United States. With the 
wasting away of the limestone the chert nodules accumulate until they 
litter the surface in large areas.- ; 
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Soils. The term soil is sometimes applied erroneously to mantle of 
any kind, but properly it refers only to the part of the mantle which 
has been so decomposed and otherwise modified that it supports rooted 
plants. Development of a good soil is an extremely slow process. 
First the upper part of the mantle becomes sufficiently decomposed to 
yield some plant food, and a little vegetation takes root. Oi'dina.rily 
the soil at this stage is scanty and poor in quality; it contains large 
quantities of disintegrated rock, little altered, and may be called an 
immature soil. As the plants die and are partially decayed they con- 
tribute some organic material, which contains carbon extracted from 
the air by the growing plants. Bacteria multiply in the soil, and some 
of these serve highly important functions such as taking nitrogen from 
the air and combining it with other elements to make available food 
for plants. The decaying vegetable matter furnishes acids that help 
to decompose the mineral particles in the mantle and leach out some 
substances, carrying them to lower levels. Thus the composition of 
the soil changes continuously, though slowly. If erosion does not dis- 
turb progress, and if there is plenty of rainfall to carry on chemical 
weathering and to support vegetation, the building of the soil acceler- 
ates for a time, since each step in the development increases plant 
growth and the resulting contribution of organic matter in turn speeds 
the development. Gradually the soil grows deeper, and as it loses all 
except the most insoluble of the original mineral particles it becomes 
mature. Usually the topsoil has a darker color than the underlying 
subsoil, which contains some materials carried down in solution but 
lacks the most vital ingredients developed in the topsoil. Generally 
a mature soil consists of several fairly definite layers, each from several 
inches to several feet thick, which are distinct in color and also in 
physical and chemical composition. The complete succession of these 
distinctive layers from the surface down to the unchanged parent ma- 
terial is called the soil profile. The following table represents, in some- 
what simplified form, the profile of one soil developed in a moist tropical 
region at a high altitude. 

Pkofile of Residual Soil on Gneiss, Tanganyika, East Aiuiica 




% 

% Organic 



Clay 

Carbon 

0- 8 in. 

Dark, blackish brown topsoil 

27.4 

6.17 

8-27 in. 
27-70 in. 
Below 70 m. 

Dark, orange-brown subsoil 

Mixture of clay with rock fragments 
Decomposing gneiss 

40.6 

1.72 
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Most soil profiles contain a number of distinctive units, and many 
are highly complex. In a thorough study, the analyses give more con- 
stituents than the two shown in the table above. In particular, the 
clay is broken down into several fractions; most clays are complex 
mixtures, and the exact composition of a clay is significant to a student 
of soils. ' : 

As long as a soil developed on residual mantle is skeletal or immature 
it reflects the character of the underlying bedrock. An immature soil 
on. granite (Fig. 19) is rich in clay formed from the weathered feldspar ; 
it contains numerous bits of quartz and other constituent mineral grains 
of the granite, set free but unaltered; iron derived from biotite or from 
hornblende has been oxidized, and the resulting limonite colors the clay 
yellow; and the clay contains certain soluble substances such as potash 
which suggest the composition of the original feldspar, A soil derived 
partly from shale and partly from limestone contains an abundance of 
clay and is rich in calcium carbonate. Flowever, as these unlike soils 
mature under similar climatic conditions they grow more alike, and 
eventually it is difficult to distinguish between them. In large areas of 
the United States the soils are more or less immature, and we commonly 
hear such terms as granite soils and limestone soils which suggest the 
recognizable relationship to the parent bedrock formations. There are 
only a few chief kinds of mature soil, and these kinds reflect the cli- 
matic conditions under which they were developed. 

Soil Character Determined by Climate. To illustrate the effects of 
climate, let us consider the development of two strongly contrasted 
kinds of soil. In the cooler .parts of the temperate zones, good soils are 
dark from their high content of humus, the organic matter derived from 
plants (Fig. 19). In tropical countries, on well-drained ground at low 
or moderate altitudes, soils contain no humus whatever, even if they 
support a dense growth of vegetation; humus in the low-altitude tropics 
exists only in swamps. The reason for this striking contrast between 
the tropical and the cool temperate zones is simple. Bacteria destroy 
humus in the soil; bacteria are numerous in all soils, but their develop-, 
ment is retarded by the comparatively low temperatures in high lati- 
tudes, and therefore in those parts of the world humus develops faster 
than it is destroyed wherever plants grow abundantly. In the tropics 
the high average temperature stimulates bacterial growth to a maxi- 
mum, and humus is destroyed as fast as it can form (Fig. 22). In 
swamps, however, aerobic bacteria, can not thrive because the water 
excludes air from the soil, and therefore humus accumulates in tropical 
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swamps. It is found also in high mountains in the tropics, where lower 
temperature checks the development of bacteria. 

But the difference in humus content is not in itself the principal point 
in the contrast between typical soils in the two zones; the final conse- 
quences of the presence or absence of humus are very important indeed. 
With the aid of humus, water percolating through the soil gradually 
leaches out certain substances, especially iron oxide and aluminum 
oxide, depositing them at lower levels in the mantle. If no humus is 



Average Annual Temperature ' 

Modified from Parry Reiche. 

Fig. 22, Curve 2 shows that aerobic bacteria (those that require free oxygen) thrive 
best in annual temperatures that average about 33.5°C. (92°P,), The rate at which plants 
contribute organic matter to soils increases up to 25®C. (77°P.) average annual tempera- 
ture (curve 1) ; at higher temperatures, aerobic bacteria destroy all organic matter in well- 
drained soils., 

present the water can not remove these substances, which therefore 
become concentrated in the soil as other materials are removed. There- 
fore the common soils of tropical countries are rich in alumina and in 
many regions are colored various shades of red by oxidized iron. Such 
a soil is called laterite, from the Latin later, brick; the material has 
for centuries been cut and used as building bricks, as illustrated in the 
famous ruins of Cambodia in French Indo-China. In very old later- 
ites these hydroxides are so concentrated and plant food is so deficient 
that plants grow ooorly even with a high rainfall. Such soils cover 
large areas in India, Brazil, and other countries whose rainfall is con- 
trolled by the seasonal monsoon winds. Other mature tropical soils 
have a high content of alumina but lack the iron oxide coloring. Ex- 
treme development of alumina-rich soils has resulted in accumulations 
of bauxite, from which the metal aluminum is derived. 

Humus-laden soils are not devoid of iron and aluminum oxides, but 
the quantity of these substances continuously diminishes in such soils 
as they mature. The presence of some iron in nearly every soil is 
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demonstrated by heating a sample to a high temperature in a kiln or 
oven; all the organic matter is burned out, and the iron compounds 
disseminated through the soil become /erne oxide (^6203), which gives 
the whole mass a reddish color. Before the heating the iron was kept 
reduced by the organic matter to the /erroiis condition, in which form 
the iron compounds have no conspicuous color. Mature soils in the 
warmer parts of the temperate zones are intermediate in character be- 
tween those of more northern regions and the tropical laterites. In 
the southern Appalachians the thick soils on well-drained foothill slopes 
are distinctly red, indicating that bacterial action is vigorous in de- 
stroying humus and thus permitting accumulation of ferric oxide. 
However, in the stream valleys of the same region, where the mantle is 
more continuously wet and plant growth is more vigorous than on the 
slopes, the soil is prevailingly gray or black. Evidently in these situa- 
tions the humus, if it does not actually leach out the iron, at least keeps 
it reduced to the ferrous state and so obscures it. 

Soil Science. The study of soils is an important science in itself, 
quite apart from geology. It requires an intimate acquaintance with 
principles of chemistry and physics. The foregoing brief discussion is 
necessarily incomplete and oversimplified. For an adequate treatment 
the student must consult an extensive literature prepared by specialists. 

DIFFERENTIAL WEATHERING 

The unequal resistance of rocks to weathering is responsible for many 
details in landscape features under any climatic conditions, but par- 
ticularly in arid and semiarid regions. In lands that have abundant 
rainfall the soil and other mantle conceal most of the bedrock and tend 
to obliterate small irregularities. W^herever there are cliffs or other 
outcrops, however, the rocks are sculptured into irregular forms by 
more rapid disintegration or decay in some parts of the rock than in 
others. This unequal yielding resulting from the nonuniform character 
of rocks is called differential weathering. 

The scale of differential weathering has a wide range; the nonuni- 
formity of bedrock is responsible for some of the largest features in 
a landscape and also for minute irregularities of microscopic size. 
Thick sandstone formations tend to make ridges while adjacent shales 
are worn down to form lowlands; great thicknesses of limestone dis- 
appear by solution under humid climates but show superior resistance 
by forming mountain ranges in arid. regions. Of course other impor- 
tant factors besides weathering are involved in producing these major 
landscape effects. Most rocks that are susceptible to rapid weathering 
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also yield easily to cutting by streams or other eroding agents, and 
therefore the final results have a complex origin. However, the part 
played by unequal weathering in producing uneven topography is 
fundamental. 

The fashioning of many smaller features depends more directly on 
differential weathering effects. Alternating layers of sandstone and 
shale exposed in a cliff yield at different rates ; gradually the shale gives 
way to form re-entrants between the projecting sandstone strata. If 
shale lies beneath thick sandstone an overhanging, cliff results. Strik- 
ing effects are produced from various combinations of resistant and 
weak beds, especially in semiarid regions. Jointed rocks are fashioned 
into irregular pillars, some of which have remarkable and impressive 
forms. There are numerous excellent examples in the Garden of the 
Gods, Colorado, and in Bryce Canyon, Utah. In many places large 
residual boulders are left delicately balanced, with only a small surface 
in contact with the rock beneath. 

Quartz veins and small dikes of resistant igneous rock stand in relief 
as the surrounding rock is etched away. Veinlets that intersect in an 
intricate network form patterns that resemble lace or filigree work. 
Some sandstones that look quite uniform on fresh faces weather into 
a maze of pits and ridges that suggest honeycomb. This effect indi- 
cates irregular cementation of the sand grains. 

Under certain conditions rock of uniform composition also weathers 
irregularly. Shallow depressions on exposed surfaces promote local 
decay by holding rain water and thus keeping small areas moist. As 
weathering proceeds the depressions deepen, and the effect is intensified. 

Practical Aspects op Weathering 

Some appreciation of geologic time is necessary for a proper perspec- 
tive of weathering processes and effects. ' Fresh rock shows little evi- 
dence of decay during the lifetime of a man. Ornamental building 
stone may lose its polish and become discolored; but centuries are 
required for the visible disintegration of resistant building blocks. 
Some old European castles bear eloquent testimony to the cumulative 
effects of attack by the weather (Fig. 23) . Sturdy masonry of much 
more recent date requires frequent repairing, and we learn by inspec- 
tion of stone structures in practically every city that it is poor economy 
to use weak, porous stone for constructing important buildings. 

The soil is mankind’s most priceless material heritage from past 
ages. Even after the bedrock has been broken up and decomposed. 
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thousands of years are required for the development of fertile soil a 
few inches thick. Countless generations of plants must live and die, 
myriads of bacteria must run their life cycle, to supplement the physi- 


cs. R. Longwell. 


23 . Columns beside a doorway of Durbam Castle, England, showing effects ol 
weathering. 


cal and chemical weathering of rock material in the preparation, of an 
agricultural soil. Once the humus-laden topsoil is swept away from 
a field, there is no practicable way to repair the damage quickly, even 
with the most laborious and expensive, addition of prepared fertilizers. 
It is appalling to see the careless and ignorant waste of good soil in 
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large areas of this country. Recent widespread interest in soil conser- 
vation is a hopeful sign that a concept of the soil as a precious and 
perishable national asset is growing in the public consciousness. 

Relation op Weatheking to Other Aspects of Erosion 

In the discussion above it has been necessary to point out repeatedly 
the interruption or modification of weathering effects by streams, the 
wind, or other agencies. Weathering is not an isolated process; it is 
intimately related to other activities at the Earth’s surface, all of 
them striving toward the same end — ^the wearing away of the conti- 
nents. Weathering attacks the rock in cliffs, and as tiny particles are 
loosened they are washed off by rain or blown away by the wind. 
Larger pieces fall to the ground, where weathering continues to reduce 
them while gravity and running water urge them down the slopes. 
Beneath the surface, weathering proceeds with less interruption and 
produces a considerable thickness of soil and other mantle; but as this 
cover forms it slowdy migrates to lower levels by a process described 
later as mass-wasting (Chap. 4) ; continuously the water soaking 
through the mantle robs it by dissolving various substances ; water at 
the surface forms gullies and washes the material into larger streams; 
and as the moving mantle arrives at the bottoms of valleys the streams 
take their toll directly (Chap. 5) . Thus weathering and transportation 
of rock materials proceed together. Streams and the wind carry peb- 
bles or sand grains along the ground, and by the friction other particles 
are wmrn from the bedrock or from the moving debris; but this process 
of frictional wear is distinct from weathering (Chaps. 5 and 10). 

Some of the mantle in transport is dropped temporarily at the bases 
of mountains, on the floodplains of streams, on beaches, or in sand 
dunes; but in the upper parts of these deposits disintegration and 
chemical decay continue. There is no escape from the unrelenting 
attack until the debris is deeply buried on land or spread out in lakes 
or upon the sea floor, and there enters into the formation of new sedi- 
mentary strata (Chap. 12). 
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MASS-WASTING AT THE EARTH’S SURFACE 

Weathering is essentially a static process, and any removal of 
weathered material from its place of origin is accomplished by other 
agents, of which the most conspicuous are rainwash, streams, glaciers, 
waves, and the wind. However, there are important movements of the 
mantle, for the most part slow but locally rapid and even catastrophic, 
which are not directly dependent on the common transporting agents 
and are closely related to the continued action of weathering. These 
movements, which are controlled directly by gravity, in large part 
escape notice because their average rate is imperceptibly slow; never- 
theless they account for a large and essential part of erosion. Because 
the movements affect large masses of material as units, and because 
they are part of the general wasting to which all the lands are subject, 
the entire process including these movements is here designated mass- 
ihasting. . 

In some of its forms mass-wasting proceeds so slowly that it is de- 
tected only by circumstantial evidence. In other forms it is clearly 
perceptible, and exceptional movements take place at a rapid rate. 
There are all gradations between extremes in rate of movement. How- 
ever, the processes involved can be grouped into those that operate 
gradually and those that are distinctly faster in their operation. 

Gkadital Movements 

Creep. The mantle on slopes, however gentle they may be, is subject 
to slow but continuous downward migration, known as creep. This 
movement goes on even though the slope has a close covering of grass 
and other vegetation that acts as a, protective armor against the for- 
mation of gullies. As we look at such a slope it is difficult to believe 
that it loses anything to erosion except for some mineral matter taken 
into solution by water percolating beneath the surface; nevertheless 
the entire mantle is moving down the slope, carrying the cover of vege- 
tation with it. The moving force is gravity. On even a moderate slope 
the weight of the loose material creates a tendency to slide or flow. 
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When the soil is soaked with rain, the water in the pore spaces adds to 
the weight and also lubricates the mass, thus decreasing the friction 
that retards motion. Gravity acts continuously, and even if move- 
ment is almost infinitesimal in the course of a year, the final result is 
inevitable. 

Numerous factors contribute to the effectiveness of creep. In regions 
that liave cold winters, water in the mantle tends to become segre- 
gated and frozen into layers of clear ice which 
separate layers of soil or clay (Fig. 24).' Since 
the ice represents an addition of volume, there is 
uplift of the surface equal to the total thickness 
of the ice layers. This action is called jrost heav- 
ing. On a hillside the surface of the ground is' 
lifted essentially at right angles to a slope; when 
thawing occurs, each point tends to drop verti- 
cally instead of returning exactly to its former 
position (Fig. 25). Freezing causes expansion 
also parallel to the slope, with resultant displace- 
ment of particles chiefly downslope, under the in- 
fluence of gravity. Animals that burrow in a 
slope pile most of the excavated material down- 
slope; and later the burrows are filled by soil 
creeping from above. Plant roots in their growth 
wedge material chiefly downslope, and cavities 
formed by decay of roots are filled in the main 
by soil from the upslope side. Uprooted trees on apijarato that 

hillsides tend to move downslope, urging soil and to^^^w^tor. ^^The'^'dark 

loose stones with them. As boulders and other hands are ice, repre- 
, „ , 1 , , , 0 senting water that was 

rock fragments on a slope disintegrate, most of drawn in continuously 

the detached particles fall or roll farther down- as freezing progressed. 

, . . The top of the eyhnder 

slope. Slow removal of mineral matter in solii- was elevated by an 

tion by percolating water creates voids in the amount equal to the 
J I 1 ° , 'tolial thickness of the 

mantle that tend to be filled by material urged ice layers. 

down the slope. All these effects, individually 

small but all in the same direction, add up to large totals through 

countless repetitions. 

Although the rate of creep is slow as judged by human standards, in 
many situations it is at least roughly measurable. On one slope where 
a railway was repeatedly distul’bed, the rate of creep was estimated 
as 6 to 10 feet in 50 years. Poles, fenceposts, and gravestones set on 
hillsides become tilted downslope, and in time require resetting. Stone 



Stephen Taber. 

Fi(}. 24. A cylinder 
of clay, after freezing 
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and concrete retaining walls on such slopes are displaced or broken, 
and road grades become badly disturbed (Pig. 26). On some hillsides, 



Fig. 25- When the soil on a hillside expands by freezing, surface material at a is carried 
outward, at right angles, to 6; when thawing occurs and the surface subsides, the material 
tends to drop vertically to c. (Vertical scale exaggerated.) 

tree trunks are tipped at noticeable angles; less commonly the trunks 
have a strongly convex bend downslope, the result of a conflict between 
creep and the tendency of trees to grow vertically. Even the upper part 



Modified from C, F. SlewaH Sharpe, Columbia University Pres 


Fig. 26. Effects of creep on telephone poles, trees, walls and monuments, a road grade, 
and strata in bedrock. 


of weak bedrock is involved in the persistent creeping movement 
(Pig. 26). 

A striking illustration of creep as affecting the works of man is fur- 
nished by Durham Castle, a stone structure built several centuries ago 
near the top of a steep slope in northern England. Por a long time 
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there have been conspicuous cracks in the walls, and a few years ago 
some of the cracks had grown so wide that partial collapse seemed to 
be threatened. On investigation it was learned that the foundations of 
the castle did not extend to bedrock but rested entirely in the thick 
mantle of the hillside. During the centuries this loose mantle has 
been creeping slowly down the slope and striving to carry the castle 


R. F. Flint. 

Fig. 27. Unsorted solifluction debris exposed in road cut. South slope of Calispell 
Peak, northeastern Washington, at altitude 5000 feet. The section shown in the view is 
about 10 feet long. 

with it. As the rate of movement was not everywhere the same, the 
walls of the building were being twisted and ruptured. The danger 
has been removed, with considerable difficulty and at large expense, 
by strengthening the foundations and extending them to greater depth. 

Solifluction. A special form of creep is common in regions where 
the gTound freezes to considerable depth. In warm seasons the upper 
part of the mantle thaws, while the lower part remains solidly frozen. 
Since the surplus water has no opportmiity to drain downward, the 
upper unfrozen layer of soil, varying in thickness from a few inches 
to several feet, becomes saturated, Explorers in Arctic and high 
mountain regions find that mantle in this condition is like a viscous 
liquid and will not bear a man's weight. On slopes the saturated 
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Fig. 28 . A rock glacier in Silver Basin, Colorado. Slow movement of the rock 
debris is indicated by the pattern of surficial ridges. 


mantle flows sluggishly, like a thick liquid; this type of movement is 
appropriately known as soUfiuction (soil flowage). One result is the 
mixing of soil with coarse rock fragments to form an unsorted mass 
of debris (Fig. 27). 

Rock Glaciers. At the bases of exceptionally steep mountain slopes, 
rock debris accumulates rapidly, and in favorable locations masses of 
the debris take the form of rather definite “streams” that move slowly 
down slopes or narrow valleys. Freezing and thawing of water in such 
masses, together with gravity, produce gradual movement. From their 
general resemblance to valley glaciers (p. 165) these streams of rock 
; fragments are called rock glaciers. They are especially numerous and 

w'ell developed in Alaska and in the San Juan Mountains of southwest- 
ern Colorado (Fig. 28). 

I More Rapid Movements 

Sliderock and Talus. When rock fragments are loosened on the 
f . face of a disintegrating cliff they fall to the slope beneath, and by rolling 

or sliding reach a position of rest lower on the slope or at its base. 

: Continued accumulation results in a heap or sheet of waste called a 
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talus (Fig. 29). This term applies to the body of rock fragments as a 
unit; the material composing the talus is sliderock. Typically the pro- 
file of a talus is a curve concave upward, steepening at the top to the 
maximum angle at which the coarsest of the sliderock will lie; for the 
largest rock fragments, this angle may approximate 40 degrees. In 
the upper part of a steep, growing talus the fragments lie in delicate 
equilibrium, so that the weight of a climber may precipitate violent 



Fig. 29. A talus in typical relation to bedrock and lower soil-covered slope. The creep- 
ing mantle is slowly carried away as it reaches the stream, at the right. 


sliding. There are frequent additions of new material, sometimes 
through the falling from the cliff of large rock masses that shatter from 
impact, but more commonly through the dropping of individual blocks 
loosened by frost action or the wedging of roots. 

Exceptional blocks that fall in a position favorable for rolling gain 
momentum as they descend and do not stop until they reach the lower 
gentle part of the slope. Generally, however, the freshest blocks lie 
in the upper part of the talus. In time they are disintegrated and 
decomposed, and the resulting fragments are carried down the slope. 
In a moist region the lower part or toe of a typical talus merges into 
a soil-covered slope set with grass or other vegetation (Fig. 29) . Be- 
neath such slopes there is slow creep of the mantle. The coarse debris 
in the talus also undergoes continuous creep (talus-creep) , with occa- 
sional interruptions by local rapid, sliding. 
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Many conditions affect talus development, and consequently there 
are wide variations in form. Vigorous streams that flow near sorne 
cliffs carry away all the finer debris, and only the large blocks remain 
to form a modified talus. On some mountain slopes the fragments 
dislodged from cliffs during the colder months slide or roll on snow 
of varying depth and build irregular heaps of debris known as winter 
talm ridges, which lie beyond the toe of the normal talus. Since frost 
wedging is particularly active in high mountains during late winter 
and spring, while the snow is deep and firm, winter talus ridges are 
strongly developed below some slopes that have little normal talus. 
After the snow has disappeared the ridges lie so far from the parent 
slopes as to seem puzzling unless the building process under winter 
conditions has been observed. 

Landsliding and Related Processes. In regions with rugged topog- 
raphy, numerous large masses of earth and rock slide bodily down 
slopes, some of them abruptly and destructively, others so gradually 
that trees continue to grow on them almost undisturbed. Some of these 
landslides involve only loose material originally in the mantle ; others 
include important masses of bedrock which, after displacement and 
more or less shattering in the sliding movement, become a part of the 
mantle. 

One of the most famous slides in recent history occurred at Frank, 
Alberta, in 1903. A volume of rock estimated as about 40,000,000 cubic 
yards suddenly slipped from the top and flank of Turtle Mountain and 
rushed to the floor of the valley more than 3000 feet below. The rock 
was shattered by the impact of fall, and the mass of rubble spread 
in a sheet entirely across the valley, obliterating the town of Frank and 
killing 70 people. Momentum carried the front of the slide more than 
2 miles out from the base of Turtle Mountain and 400 feet up the 
opposite side of the valley. 

Although the Frank slide was an abrupt catastrophe, conditions that 
made it possible had been in preparation for a long time. The rock 
was weakened by a set of large joints inclined toward the valley. 
Water percolating along these fractures had slowly loosened parts of 
the rock by frost wedging and solution. Earthquakes that occurred 
two years before the slide probably caused further loosening, but not 
enough to start immediate movement. When the breaking point was 
finally reached, the inclined joints, lubricated with water, served as 
ideal surfaces for the initial slipping. 

Other great landslides in the Rocky Mountain region have created 
large lakes by the damming of streams (Fig. 30) . Disastrous landslides 
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Fig. 30. The 1925 Gros Ventre slide, as se6n from a point about 2 miles upstream. 
The head of the slide, out of view at the left, is 2000 feet vertically above the valley floor. 
Momentum of the down-rushing mass carried its front far up the right side of the valley. 
The lake impounded by the slide had its highest surface lowered 60 feet as flood water 
out a trough through part of the natural dam; the earlier high shoreline is best seen on the 
far side of the lake, at the left. Gros Ventre Valley, northwestern Wyoming 



iloyical Survey of Canada. 


slide topography along the Fraser River, Pavilion, British Columbia. The 
hummocky sui’face is a common feature of large slides. 
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in tlie Alps, Himalayas, and other high mountains are of frequent oc- 
currence. In some cases man himself, by quarrying and mining opera- 
tions, has unwittingly set the stage for destructive slides. 

Great landslide masses that consist wholly or chiefly of loose weath- 
ered material usually move by a mechanism more complicated than 



0. K. Gilbert, V. S. Geological Survey. 

Fio. 32. Result of earth flowage on a steep grass-covered slope, after thorough satu- 
ration by heavy rains. Note the downslope bulge Of the surface, compensating the depres- 
sion made farther upslope. Berkeley Hills, California. 


simple sliding. Almost invariably the movement of such masses starts 
while they are satm’ated with water from heavy rains or from melting 
snow. The water greatly increases the weight of the mass and also 
converts all the clay and soil into stiff mud; there is localized flowage 
at varying rates in such a mass, although the body of material as a 
whole may slide on a lubricated base. Some masses of this kind move 
slowly and spasmodically for many years and cause little or no de- 
struction; their motion may be thought of as excessively rapid creep. 
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Some of the trees growing on one of these “chronic” landslides are 
likely to be tilted at various angles, and much of the surface has a 
characteristic hummocky topography (Fig. 31). 

Other kinds of mass-wasting are more or less related to true land- 
slides, although they involve also movements that resemble rapid creep. 
Grass-covered soil on steep or moderate slopes sometimes starts flow- 
ing beneath the sod after thorough and deep saturation by exceptional 



Fig. 33. Slumping of unconsolidated material in the bank of a stream, irear Spartanburg, 
South Carolina. 


rainfall. Large bulges are formed downslope, and removal of support 
causes abrupt slumping, with breaking of the sod, on the upslope side 
(Fig. 32). Rapid movement of soil sometimes occurs on a very gentle 
slope if an underlying porous layer becomes supersaturated with water. 
Slumping of soil masses is a common occurrence along stream banks 
(Fig. 33), and on many steep hillsides repeated slumping produces a 
series of small irregular terraces; this process is in part responsible for 
some of the “sheep paths” that so commonly contour the slopes in hilly 
pasture lands. 

Mudflows. In arid and semiarid regions, fine rock debris becomes 
water-soaked on steep slopes after heavy, rains and moves downward 
as a mudflow (Fig. -34), which is a form of mass-wasting closely asso- 
ciated with running water. Whenever such a flow originates in a nar- 



Fro. 34. Marginal part of a fresh thin mudflow, after drying. East base of the Stillwater 
Range, Nevada. 
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row mountain valley, the forward part continues to gather load until 
it becomes a stiff mixture incapable of rapid motion. This viscous 
frontal portion retards movement of the more liquid upstream part of 
the flood, and the entire mass moves along haltingly, giving out a 
strange roar from the grinding and bumping of boulders carried in the 
muddy matrix. When a mudflow of this kind passes abruptly from 
the confining walls of the narr'ow valley onto a wide piedmont slope. 


the pent-up liquid behind the moving frontal dam breaks through with 
a destructive rush, and the slimy mass of muddy debris spreads into 
a wide sheet, ruining fertile fields and wrecking houses. 

The moving mass has tremendous momentum. Houses and barns in 
its path are pushed from their foundations, and some large buildings 
have been carried as far as half a mile. Boulders weighing many tons 
are moved along rapidly, rolling and sliding in the muddy mixture, 
some of them finally coming to rest on gentle slopes far out from the 
mountain front. 

In consistency of material and rate of movement, the mudflow rep- 
resents a stage intermediate between solifluction (p. 57) and a stream 
of water that bears sediment in suspension (p. 78) . Immense quanti- 
ties of material have been moved from mountains and deposited on 
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lowlands by mudflows in the rugged parts of Arizona, Nevada, Utah, 
and other western States. In southern California mudflows have been 
responsible for serious damage to farmlands and towns located on 
slopes near the mountains. 

The Role OF Mass-Wasting IN General Eeosion 

General Tendency. From the preceding discussion it is evident that 
the net effect of mass-wasting iii all its forms is to decrease the relief 
of the lands. In a general way the entire mantle of weathered ma- 
terial on all parts of the continents is sliding or creeping steadily from 
higher to lower altitudes. The rate of this movement is greatest in the 
high, rugged mountains, least on the low, gently sloping plains ; but the 
tendency is everywhere the same. Given sufficient time, free from re- 
newed uplifts of plateaus and mountains, mass-wasting without the 
assistance of running water or other transporting agencies would even- 
tually reduce the continents to featureless plains. 

Biit of course mass-wasting does not go on unassisted. The several 
agents of erosion work together and react on each other in a most 
intricate way. This interaction will be appreciated better as the other 
aspects of erosion are explained in succeeding chapters. However, the 
general picture of mass-wasting can not be completed without a sum- 
mary statement that anticipates parts of the later discussion. 

Relation to Weathering. Most of the material moved in mass- 
wasting^ — sliderock, clay, soil, and other debris — ^has been produced by 
the weathering of bedrock. Disintegration and decomposition con- 
tinue while the debris is in transit, and in many ways these weather- 
ing processes contribute to the mechanism of movement. Breaking up 
and softening of rock fragments in a talus remove support and precipi- 
tate sliding; continued production of clay from feldspar and other 
minerals makes the mantle more plastic and susceptible to flowage; the 
dissolving action of water not only promotes creep of the mantle but 
also weakens the bedrock under steep slopes and prepares the way for 
landsliding. Many of the movements in mass-wasting likewise increase 
the effectiveness of weathering. Migration of the mantle formed on 
hillsides exposes new bedrock to mechanical and chemical attack. 
Rock fragments moved in mudflows or landslides are broken by im- 
pact and grinding, and thus fresh surfaces are exposed. When great 
masses of bedrock are moved and broken; up in landsliding, as at Frank, 
Alberta, enormous quantities of neW material are made available to 
active weathering. 
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Relation to Running Water. Part of the water from every rain 
flows on the surface, either in thin local sheets or in definite channels 
(p. 73) , This water carries debris directly and also promotes in many 
indirect ways the progress of mass-wasting. Washing of weathered 
material from a talus disturbs equilibrium and sets the sliderock in 
motion. When gullies are cut many of the steep banks slump, and 
creep is promoted in the adjacent mantle. The rugged topography of 
highlands results in large part from the cutting of deep valleys by 
streams (supplemented locally by glacial erosion) ; and the most active 
mass-wasting, by sliding and creep, takes place on the sides of moun- 
tain valleys. 

The relationship is reciprocal, for mass-wasting is a potent auxiliary 
of running water in the work of leveling the lands. Most of the rock 
waste contributed by the continents to the sea floors is delivered ulti- 
mately by streams (Chap. 5) . However, a large part of this waste is 
brought within reach of streams by creep and other forms of mass- 
wasting (Fig. 29). In highlands, landslides as well as rapid creep 
deliver material directly to large streams and their tributaries, locally 
more rapidly than it can be removed. In lowlands the alluvial banks 
slump into or toward the streams (Fig. 33) , and creep operates over 
a wide area even though its rate is slow. In all kinds of topography, 
removal by streams of the creeping mantle as it reaches the valleys 
prevents clogging of the creep mechanism and keeps the system of 
supply in operation. Thus running water and mass-wasting are closely 
geared in the scheme of erosion. 

Mass-wasting is further explained and illustrated in connection with 
processes discussed in later chapters. 

Effects of Weathering and Mass-Wasting on Landscapes 

Major Effects. In a journey from the eastern United States to the 
arid Southwest the traveler is impressed with the striking contrasts in 
the landscapes. These differences reflect complex causes, but among 
the most important factors are rate and kind of weathering and proc- 
esses of mass-wasting, under the different climatic conditions. The 
abundant vegetation of the Eastern States in itself creates a strong 
contrast with the barrenness of New Mexico and Arizona; but there 
is a more fimdamental difference in the actual land forms. In the East 
the hills and slopes are characterized by rounded curves and smoothed 
profiles ; in the Southwest the profiles are angular. 
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Disintegration as the dominant type of weathering tends to produce 
angularity. Forces that break the rocks take advantage of original 
joints which form square-cornered blocks, and, as these natural units 
loosen and fall, the cliffs from which they are displaced stay rugged and 
steep. Ridges and hills made of flat-lying strata remain fiat topped 
and steep sided as they grow smaller through disintegration and reces- 
sion of the cliffs. Extensive flat-topped erosion remnants of this kind 
arc called 77iesas; similar features of smaller extent are the buttes of 
western landscapes (Fig. 35). Wherever the structure of the rocks 
favors development of sharp peaks and jagged ridges, these features 
tend to keep their irregular forms as they waste away. Divides be- 
tween adjacent valleys are either flat topped (where strata are hori- 
zontal) , or sharp and rugged, and valley sides are steep and commonly 
step-like, with a succession of cliffs (Fig, 11) . These are some of the 
typical forms of the arid and semiarid southwestern United States, 
where there is little decomposition and soils form scantily. 

Vigorous chemical weathering rounds off sharp corners in both large 
and small features of the landscape. Vertical cliffs and angular ridges 
in a humid region are the exception rather than the rule; their presence 

SPKNCB AIE PHOTOS. 

Fig. 35. View in Monument Valley., Utah. Sandstone nearly 400 feet thick, once 
continuous over the area, has been eroded; remnants form a large mesa (at right) 
and isolated buttes. Weak shale beneath the sandstone underlies the gentler 
slopes at the base of Mitten Butte (middle background). Vertical fractures in 
the sandstone outline slender, chimney-like remnants. 
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Fig. 36. Rounded hilltofs and smooth slopes characteristic of a region with a moist 
climate. Deep soil mantles most of thg surface. The small terrace-like features 
in left foreground are pa^hs made hy generations of gracing animals. North of 
Luray, Virginia. Note contrast between this landscape and the one shown in 
Fig. 35, which is characteristic of a semiarid climate. 


indicates either brief exposure to the atmosphere or extremely resistant 
rocks. Sharp peaks and serrate ridges tend to disappear under the 
influence of decomposition. Mantle forms on valley sides, and as it 
accumulates and slowly migrates from higher to lower levels the slopes 
take on smooth curving profiles (Fig. 36). With the formation of soil 
and the spreading of vegetation, decomposition becomes more effective 
and the slopes grow still smoother, because the cover of vegetation pro- 
tects the slopes from gullying by running water, and there is built up 
a nearly universal layer of soil even on the steep slopes. On opposite 
sides of a ridge cliffs retreat, grow lower, and disappear, and the top 
of the ridge becomes smtooth and rounded under a cover of soil. Thus 
divides between adjacent valleys tend to become broad and smooth in 
contrast to the angular divides of arid regions. 
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Farming Problems. Great quantities of rich soil are lost every year 
through the combined operations of mass-wasting, running water, and 
wind. Soil conservationists recognize the seriousness of the problem; 
but they find it much simpler to check the destructive effects of slope 
wash and gullying than to control the large masses of earth usually in- 
volved in creep and slumping. 

There is hope that some of the most immediate problems can be at 
least partially solved by combination of direct and indirect methods. 
For example, in semiarid parts of some western States overgrazing of 
range lands has increased the prevalence and destructiveness of mud- 
flows, which not only remove the topsoil from large areas but, after 
mixing this soil with unproductive clay and gravel, bury the rich topsoil 
of lower areas under the infertile mixture, thus ruining all the ground 
affected by the movement. The only effective remedy is to restore the 
protective sod, which requires a comprehensive conservation program to 
prevent the recurrence of overgrazing. Slumping of farm land adj aoent 
to deep gullies can be checked by measures, now extensively practiced, 
leading to gradual filling of the old gullies and prevention of further 
gully development. Slumping and active creep in some rich bottom 
lands can be stopped by protecting adjacent stream banks from erosion 
(Fig. 33). 

Engineering Problems. Knowledge of the principles governing 
mass-wasting is essential in the selection of successful sites for large 
buildings, dams, and other engineering works. Durham Castle has 
stood remarkably well, in view of its location (p. 56) ; numerous struc- 
tures built more recently have collapsed as the result of creep and other 
movements of the mantle. The St. Francis dam in southern California, 
which failed with appalling loss of life and property (p. 79), had one 
of its abutments in ground subject to sliding — a fact that should have 
been recognized at the time the damsite was selected. 

Some engineering works have to be constructed in spite of difG.culties 
from mass-wasting. When the Culebra Cut of the Panama Canal was 
under construction, the deep artificial excavation caused sliding, slump- 
ing, and flowage of the adjacent ground on such a large scale that for 
a time the project appeared to face defeat. It was necessary to take 
out an enormous yardage in excess of the original estimate; and after 
the canal was open for use there was recurrent trouble in the Culebra 
section. Some landslide masses can be stabilized by construction of 
drainage tunnels to remove water, which plays an essential part in the 
movement. In constructing the Grand Coulee dam, on the Columbia 
River, a slide in wet silt was started by excavation and gave consider- 
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able trouble until engineers hit on the ingenious plan of artificially 
freezing the base of the slide and thus stabilizing the ground until they 
could complete the adjacent part of the foundation. 

Private companies and governmental bureaus are put to enormous 
yearly expense in repairing and rebuilding railroads, highways, aque- 
ducts, and other communication lines that are injured by landslides and 
similar movements in rugged country. 

BEADING REFERENCES 

1. Landslides and Related Phenomena; by C. P. Stewart Sharpe. 137 pages. 
Columbia University Press, 1938. 

A comprehensive treatment of mass-wasting, based on recent original Hold observa- 
tions as well as thorough study of the literature. 

2. Report on the Great Landslide at Frank, Alberta; by R. G. McConnell and 
R. W. Brock. 17 pages. Appendix to Report of Superintendent of Mines, Canada 
Department of Interior, Annual Report, 1902-1903, Part 8. 

Analysis of causes leading up to this destructive slide, In which great masses of bed- 
rock were involved, 

% ^ ■ ... 

3. Landslides in the San Juan Mountains, Colorado: Including a Consideration 
of Their Causes and Their Classification; by Ernest Howe. 58 pages. U. S. Geo- 
logical Survey, Professional Paper 67, 1909. 

Graphic descriiitions of muss-wasting in a region where tlie process is remarkably con- 
spicuous. Excellent illustrations of landslides, rock glaciers, and solifluction. 

4. Solifluction, a Component of Subaerial Denudation; by J. G. Andersson. 
Jouraal of Geology, Vol, 14, pp. 91-114, 1906. 

One of the (?arly discussions of this process, citing numerous examples from high 
latitudes. 

5. Cloudburst Floods in Utah, 1850-1938; by Rolf R. Woolley. 126 pages. U. S. 
Geological Survey, Water-Supply Paper 994, 1946. 

Gives excellent descriptions of mudflows, with an analysis of the modus operandi. 

6. The Mechanics of Frost, Heaving; by Stephen Taber. Journal of Geology, 
Vol. 38, pp. 303-317, 1930. 

Evidence from the field is supplemented and illuminated by results of ingimions 
experiments. 

7. Rock Glaciers in Alaska; by Stephen R. Capps, Jr. Journal of Geology, Vol. 
18, pp. 359-376, 1910, 

Describes a number of typical rock glaciers in Alaska and analyzes the mechanics of 
their growth and movement. , 


Chapter 5 


HUNNING WATER 

Geologic Importance of Streams 

Stand on the brink of the Grand Canyon of the Colorado (Fig. 11), 
and look down at the winding river a mile below. The rock- walled 
canyon is impressively vast, and by contrast the stream at its bottom 
seems puny. Those who first speculated on the history of the canyon 
thought that the Colorado had found this low-level course already pre- 
pared for it by a great gash or rift earlier opened by some cataclysm in 
the Earth’s crust. But today we are convinced that the river once 
flowed through a shallow trough at the level of the canyon’s brink. We 
can see that very gradually the sediment-laden water has cut down 
through the underlying rocks, sawing ever more deeply until in the 
course of time, and with the aid of mass-wasting, it has dug a trench 
a mile deep and several miles wide. Looking at the intricate pattern 
of canyons and subcanyons which, arranged like the veins in a leaf, join 
the main valley, most of them entering at grade with the main stream, 
we realize that they were developed not by chance but as members of 
a unified and interrelated system, obeying a common law and having a 
common destiny. And when we see this same pattern repeated again 
and again in stream systems large and small throughout the world, we 
conclude that all streams act according to certain definite laws imposed 
on them by their surroundings. 

Streams return to the sea the water evaporated from it, carried by 
the atmosphere over the lands, and there precipitated as rain and snow. 
Furthermore streams as a group, coupled with the mass- wasting proc- 
esses with which they are integrated, constitute the most important 
; single agent of erosion on the face of the Earth. Continuously excavat- 
' ing valleys and continuously carrying away the excavated rock w'^aste, 

' plus the far greater contributions from mass-wasting of the land, 
streams wall continue to operate as long as there are lands with rain 
falling upon them. The processes of excavation and washing away, 
although complicated, are based on a series of principles wdiich enable 
us not only to follow intelligently the intricate details of sculpture of 
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the land but even to predict to some extent the way in which the land 
will be carved in the future. 

Streams AND Stream Flow 

Precipitation. Probably there is no part of the Earth’s surface on 
which rain or snow does not sometimes fall. Even the most arid spots 
in the world’s driest regions receive a little rain once every few years. 
Death Valley in southeastern California, one of the driest areas in 
North America, has about 2 inches of rainfall annually. Whereas the 
thickly populated temperate regions such as eastern North America 
and western Europe have 20 to 60 inches of rain (Fig. 17) , some parts 
of India receive as much as 500 inches every year. In some places the 
time distribution of rainfall is more significant than its annual amount. 
Thus if total rainfall is concentrated in a few intense storms, it causes 
a series of floods, and the work done by the water in eroding the land is 
far greater than it would be if the same amount of rain were distributed 
so nearly uniformly throughout the year that floods did not occur. 

The variable distribution of precipitation both areally and in time, 
therefore, exerts a strong influence on the sculpture of the land and 
accounts in a large measure for the differences of landscape in various 
parts of the world. 

Runoff. A part of the precipitation that reaches the surface of the 
land evaporates and returns to the atmosphere, a part sinks below the 
^surface and becomes subsurface water (Chap. 7), and a part flows down 
■ the slopes of the surface, forming the surface runoff. Much of the 
subsurface water later emerges as ground-water runoff, adding greatly 
to the runoff as a whole. 

About one-third of all the precipitation that falls forms runoff di- 
rectly or indirectly. At any one place, however, the proportion con- 
tributed to runoff depends on several factors such as (1) surface slope, 
(2) permeability of the local rocks, (3) character and amount of vege- 
tation, (4) temperature and humidity of the atmosphere, and (5) 
amount and distribution of the precipitation throughout the year. 
Therefore runoff varies greatly from place to place. Some areas of 
sand and very permeable limestones have essentially no surface runoff, 
because all the precipitation sinks below the surface. On the other 
hand, in a country such as the Appalachian region nearly all the water 
from rains in the early spring runs off because the ground is already 
saturated with melted snow. 
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Streams. No land area is either perfectly flat or perfectly smooth. 
As a result the surface runoff, though it may start as rainwash — a thin 
sheet of water flowing evenly downslope — -is quickly concentrated by 
converging slopes into the shortest and steepest routes downward. 
Thus, gradually augmented by ground-water runoff in the form of 
seeps and springs, the runoff becomes organized into definite streams, 
which might be defined as water and rock waste streaming toward the 
sea along more or less definite courses. Each stream occupies a valley, 



Fig. 37. Segment of an ideal valley, cut to show three standard positions of the stream 
surface and three corresponding positions of the stream bed. Natmul levees are not 
shown. (Vertical scale greatly exaggerated.) 


excavated or modified by itself, of which it is an integral part. Most 
valleys are floored with rock waste deposited by their streams, and 
usually these partial fi.llings are saturated with water, which percolates 
down-valley at rates much slower than the flow of the surface waters 
which they support. 

We have said that about one-third of the world’s precipitation be- 
comes runoff. Much of this water streams seaward from altitudes of 
thousands of feet. The energy that results is tremendous; the work itl 
performs is very great. Let us examine the manner in which this workj 
is done. 

Discharge. Every stream occupies a channel, a water-filled groove 
w’’hich in a narrow valley may include the entire valley floor but which 
ordinarily occupies only a small fraction of the valley floor (Figs. 37, 
42). The flow of water through the channel is expressed as discharge 
(the volume that passes through a given cross-section of the channel 
during a unit of time) , stated in cubic feet per second. Discharge meas- 



74 


PHYSICAL GEOLOGY 


iires the amount of water fad to the stream from surface-water and 
ground-water runoff. 

The casual observer is likely to judge the “might” of a stream by its 
width, the only dimension usually visible to him at any one place. He 
is often misled, because some narrow streams, by virtue of steep 
gradients or deep channels, discharge much more water than do some 
wide streams. These differences are controlled by two principal 
factors: (1) velocity of flow, and (2) cross-sectional area of the chan- 
nel. Velocity, in turn, depends on (a) gradient (dowmstream slope, 
usually expressed in feet per mile), (b) volume of water, (c) load of 
rock particles being carried, and (d) shape of the channel. This last 
factor is important because friction between water and channel retards 
stream flow. Hence greater velocity is possible (other factors equal) 
in a channel having a semicircular-shaped cross-section than in a broad 
shallow channel with the same cross-sectional area, because the former 
shape offers, in proportion to its area, the smallest possible surface on 
which friction can occur. 

Discharge equals velocity times cross-sectional area. Velocity varies 
approximately as the square root of the gradient. Although velocity 
commonly increases also with increased volume, the relationship can 
not be expressed as a simple formula. 

Because of the interrelationships mentioned, these various factors 
are adjusted to each other by the stream itself, which alters its channel 
by erosion and deposition from place to place. For example, in most 
streams discharge increases from head to mouth, reflecting increments 
from tributaries and from ground-water runoff, whereas the gradient 
decreases from head to mouth. The apparent paradox is explained 
chiefly by (1) the variable cross-section of the channel, which increases 
downstream sufficiently to permit greater discharge despite reduced 
velocity of flow, and (2) the shape of the channel, which commonly 
becomes deeper relative to its width as it is followed downstream. 

An unusual example is the Clark Fork of the Columbia River in 
northeastern Washington. At the town of Usk this stream is 2000 feet 
wide and 15 feet deep, with a gradient of less than 1 foot per mile. 
The mean discharge here is about 15,000 cubic feet per second. At 
Z-Canyon, 45 miles downstream, the same river is 18 feet wude and 175 
feet deep, with a gradient of 60 feet per mile. The discharge is about 
15,500 cubic feet per second. Although the Clark Fork looks much 
smaller at Z-Canyon than at TJsk, actually its discharge is slightly 
greater. More water passes through Z-Canyon, despite the smaller 
channel capacity there, mainly because the gradient is much steeper. 
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Within a stream channel, velocity of flow is greatest where friction is 
least. Hence velocity is greater along the center than along the sides 
and is greater also near the top than at the bottom of the channel. 

Long Profile. The contiimons curve formed by the slope of a stream 
from source to mouth is its long 'profile. Although the long profile of a 
newly formed stream is the profile of the land surface itself, the long 
profile of a well-established normal stream is a curve, concave up (Fig. 
38) , that tends to approach a hyperbola. This results from adjustment 
of each part of the profile to the conditions in the corresponding part of 
tlie stream. In its upper course the stream’s discharge is slight, but, 



Fig. 38. Long profile of the Lehigh River and its eontinuatjoii through the lower 
Delaware River to the sea, illustrating the general concave-up form of its cjurve. Baseline 
sealevel. Long dimension, 120 miles. Altitude of stream at top of profile, 820 feet. 
Vertical exaggeration, 132 times. The irregularities in the profile are cau.sed by unequal 
resistance of the rocks to erosion and possibly by other factors. 

owing to the usually steep initial slope of the land, ‘its gradient is steep. 
It is not fully loaded ; hence most of its energy is applied to downcut- 
ting. In its lower course discharge is much greater; for this reason and 
because its channel is more efficient and its load is finer grained, it can 
move its load on a gentler gradient, and downcutting is at a minimum. 
Intermediate conditions obtain at intermediate points; hence the gentle 
slope downstream gradually becomes a steep slope upstream. With the 
passage of time, as the stream cuts down toward baselevel (p. 81) , the 
long profile becomes gi’adually less steep throughout its length. 

Floods. Not only does a stream adjust its channel from place to 
place ; it also alters its channel from time to time in the same place as 
a result of variable discharge, which usually varies with the seasons. 
Most streams are subject to flood at times of most concentrated rainfall 
or greatest thawing of winter snow. Floods are measured at selected 
points by gages w’hicli record the height to which the water rises. The 
approximate cross-sectional area of the channel being known at these 
points, the discharge can be calculated. In this way it has been deter- 
mined that in the Mississippi River immediately below the mouth of 
the Ohio, the normal rise of the water surface in spring floods is about 
40 feet, while the corresponding flood discharge is between 10 and 15 
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times the normal low- water discharge. On small streams, differences 
may be even greater. For instance, during a recent flood the discharge 
of Tiger River near Woodruff, South Carolina, increased from normal 
to 24 times normal within 4 hours. Twenty-four hours later it de- 
creased again almost to normal. 

A stream flood is essentially an upward bulge of the stream’s surface, 
analogous to the bulges in the surface of the sea caused by the tides 
(p. 224) . This is clearly shown by the gages, which rise to their maxima 
one by one as the crest of a bulge passes downstream. Many stream 
channels are capacious enough to carry the discharges of ordinary 
floods. When the water rises to the tops of the stream’s banks, filling 
the channel completely, the stream is said to be in bank- full stage (Fig. 
37). Further rise causes the flood to overtop the channel and spread 
out on the adjacent valley floor; it is then said to be in over-bank stage. 
The spread-out water flows so slowly, owing to the great friction on its 
base, that it often appears ponded; yet the velocity in the submerged 
channel is usually great. 

Steeam Ekosion and Deposition 

Hydraulic Action. Hydraulic action, abrasion, solution, and trans- 
port together constitute stream erosion, and deposition is closely related 
to all of them. 

The force inherent in the flow of water is able to lift and move away 
loose material. This is illustrated by the impact of water from a 
garden hose playing upon loose soil. The soil is churned up and washed 
away, leaving tiny gullies excavated by the escaping water, and for the 
entire operation hydraulic action is almost solely responsible. Every 
rainfall accomplishes the same result in plowed fields and on steep 
slopes, and in all streams hydraulic action operates as an important 
factor, although the effects attributable exclusively to it are usually 
masked by the effects of other processes that are going on at the same 
time. 

Hydraulic action is an important factor in quarrying out blocks of 
rock along cracks and planes of weakness. This type of erosion is 
clearly apparent in a stream bed consisting of thin horizontal layers of 
rock. The force of the flowing water, no doubt aided largely by frost 
wedging, loosens blocks which are then quarried out and carried away 
by the current. In places where, this process is dominant, the layers of 
rock are stripped back successively to form flights of broad low steps 
descending downstream. Where the rocks are cut by closely spaced 
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vertical joints, as is true of many lava flows (p. 372), a stream may 
quarry out joint blocks unevenly, producing an extraordinarily rough, 
irregular surface. 

Abrasion. Abrasion is the mechanical wear of rock on rock. In 
streams it is caused by friction between rock fragments moving with 
the stream and rock fragments or firm rock in the stream bed, and by 
friction between fragments moving through the stream at different 
rates. Rubbing, knocking, bumping, scraping, grinding, scouring— 
all these terms are applicable to stream abrasion. This process de- 
pends on the presence of rock fragments in the stream, whereas hy- 
draulic action can be accomplished by clear water. On the other hand, 
no stream is entirely free from rock fragments, for it acquires them 
through its own hydraulic action, through contributions from tribu- 
taries, and through slumping of its banks. Both hydraulic action and 
abrasion operate in all streams and work in close co-operation with each 
other. Not only does abrasion wear down bedrock exposed in the 
stream ; it also wears down the rock fragments themselves, making them 
smaller and rounding them more and more (p. 256) . 

Abrasion is well illustrated by bowl-shaped or cylindrical potholes, 
ranging, from a few inches to many feet in diameter and depth, in the 
rock bed of a swift stream. Most potholes are excavated by rock frag- 
ments swirled about by persistent eddies. Abrasion of the grinding 
tools is shown by the rounded shapes of the pebbles commonly found 
in the potholes. The valleys of some small and very steep streams have 
been excavated largely by pothole abrasion. 

Solution. All streams contain substances in solution, acquired in 
part from subsurface water and in part directly from surface runoff. 
Limestone (calcium carbonate) is very susceptible to the solvent action 
of stream water. But far less soluble rocks are affected. The water 
slowly decomposes some of the minerals and thereby loosens the con- 
stituents of the rock and prepares them for mechanical seizure by the 
current. However, only a small proportion of the matter dissolved in 
stream water was dissolved by the streams themselves. By far the 
greater part of it was dissolved by subsurface water and was contrib- 
uted to the streams later in the ground-water runoff. 

Transport and Deposition. The rock waste carried by a stream and 
the substances dissolved in the water together constitute the stream^s 
„ load. The load is transported by the hydraulic action inherent in 
' stream flow. Flow, however, is not uniform throughout the channel but 
is turbulent, involving many cross currents and eddies, and the turbu- 
lence increases rapidly with increasing velocity. Consequently loose 
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rock particles on the bottom are lifted and kept in motion by repeated 
tossing into the body of the stream as they are carried forward. The 
smaller and lighter particles are tossed up easily and frequently and 
so travel steadily downstream. The larger and heavier fragments are 
rolled or pushed along the stream bed, but movement of this kind is 
necessarily much slower and less continuous than that of suspended 
particles. If the velocity of the stream decreases slightly, the largest 
and heaviest of the fragments dragged along the bottom are no longer 
moved at all; accordingly they. are left behind and accumulate, wdiile 
the smaller particles move on. For this reason nearly all stream de- 
posits are sorted according to size and specific gravity (p. 264). Only 



Pia. 39. Diagrammatic cross-section of stream channel showing its wetted perimeter 
(beaded line) and crotss-sectional area (shaded) . 


rarely is the velocity of a stream checked so suddenly that particles of 
markedly different sizes are deposited heterogeneously together; this 
sometimes happens where a stream emerges from a mountaii) district 
on to a flat plain and builds a fan (p. 87) . 

Relation of Velocity to Erosion and Transport. Stream velocity 
increases with increasing gi’adient. It increases also with increasing 
discharge, as during the floods to which most streams are subject. The 
increase can not be stated in exact terms because the presence of 
variable factors makes an accurate formula impossible. However, 
empirical formulas, wkich approximate the relationships, have been 
devised. One of the best known states that V ~ B '\/~rs, in wdiich 
y = velocity, H = a constant, the value of which varies from stream 
to sti;eam, s = the slope or gradient, and r = the ratio of the cross-sec- 
tional area of the channel to the length of the wetted perimeter of the 
channel (Fig. 39). > 

An increase in velocity increases the ability of a stream to erode its 
bed and transports load. In theory, under ideal conditions, doubling 
the velocity may (1) increase abrasive power about 4 times; (2) in- 
crease the diameter of the largest piece of rock the stream can push 
along its bed by as much as 4 times; and (3) greatly increase the capac- 
ity to transport rock fragments of a given size. 

These powers result from doubling the velocity, through increase 
either of gradient or of discharge. .If the gradient is increased 4 times, 
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velocity is about doubled. But greater-than-fourfold gradient increase 
is common between the broad tops of many hills and their steep sides. 
When hills of this kind are washed by the immediate runoff from rains, 
serious soil erosion is likely to occur if the slopes are bare and unpro- 
tected (Fig. 49). . Again, the increased discharge of a stream in flood 
often much more than doubles its velocity. During normal seasonal 
floods, the velocity of the Mississippi at points along its lower course 
increases 2 to 4 times. Increases of velocity equal to 10 to 20 times 
the mean velocity are not uncommon under flood conditions. For 
example, at Montague, Massachusetts, the velocity of the Connecticut 
River, a major stream, was increased by 21 times in a single flood. Such 
huge increases of velocity, resulting from increases of discharge alone, 
make it clear why most streams perform the great bulk of their eroding 
and transporting work during flood stages, and most of their deposition 
of rock w'aste as the floods subside. 

The effect of increased discharge upon volume of load is illustrated 
by the San Gabriel River at Azusa, California. During a flood in, 1920 
the discharge of this stream increased 20 times, wfliile its silt load shot 
up from little more than zero to 55 per cent (by weight) of the water. 
The effect of increased velocity on the ability of a stream to move large 
pieces of rock is shown by the case of the St. Francis dam near Los 
Angeles. In March, 1928, this dam gave way and sent a sudden flood 
rushing down the valley below. This flood moved blocks of concrete 
weighing 10,000 tons each. 

In India, during the Gohna flood of 1895, which lasted just 4 hours, 
the water picked up and transported such quantities of gravel that 
through the first 13 miles of its course the subsiding stream made a con- 
tinuous gravel deposit 50 to 234 feet thick. In each of the instances 
cited, such work was impos.sible under low-water conditions. 

Adjustment of Channel and Load to Discharge. It has been stated 
that gradient, and size and shape of the channel, are continuously 
adjusted to fluctuations in discliarge. The adjustments are made by 
means of erosion and deposition and are therefore reflected by changes 
in the load. Increasing discharge increases the velocity, and hence 
the abrasive power of a stream, as well as the diameters and total 
_ volume of the rock fragments it can transport. As a result, the 
channel is scoured out, particularly near its center line where velocity 
is greatest, and is thereby deepened relative to its width and thus made 
more efficient. The rise of water recorded on the flood gage therefore 
records only a part of the increased cross-sectional area of the channel. 
The rest of the increase is expressed by the corresponding deepening 
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of the channel, which takes place at the same time, and which may 
amount to two or three times the'rise. The material excavated is trans- 
ported downstream as part of the load, and, as the flood subsides, this 
is dropped on the bottom in the order of size and weight, the finer and 
lighter fragments settling last. 

Thus a stream in flood scours out (degrades) its channel and partly 
ve&lls (aggrades) it with rock waste as the flood subsides. In some 
large streams, scour and fill remove and then replace sediment to a 
thickness of 100 feet or more with each flood (Fig. 37) . 

At any stage, rock fragments are continually being picked up by the 
turbulent stream and others are dropping out. In a given stream the 
number and the sizes of the fragments in motion at any moment arc 
limited by the stream’s energy. As discharge increases, velocity and 
energy increase, more and larger pieces are picked up, and fewer are 
dropped out. This causes erosion of the channel floor, which is thereby 
lowered. But the channel floor is not lowered at its mouth, because the 
gradient at that place is zero. Hence lowering of the channel at any 
point above the stream’s mouth must reduce the gradient between that 
point and the mouth. This reduction of gradient tends to reduce the 
velocity and to limit the increase in velocity brought about by the 
increased discharge. 

When this limit is reached no more erosion occurs, and the equilib- 
rium between the pieces picked up and those dropped out is maintained 
until the discharge begins to diminish, at which time excess of deposition 
over erosion aggrades the channel floor. This increases the average' 
gradient to a degree sufficient to enable the stream to transport its re- 
maining load without further upbuilding. 

Thus by erosion or deposition, the stream continually adjusts its 
gradient so that it can just transport the load to be carried. Such ad- 
justments occur with every flood, but they occur also with major 
changes in the condition of the stream. For example, the Colorado 
River carries a bulky silt load, for the transportation of which a steep 
gradient is necessary. The completion of Hoover Dam in 1935 caused 
deposition of this load in the lake above the dam; the river below the 
dam, robbed of its load, required a gentler gradient than before, and 
accordingly it reduced its gradient there by conspicuous erosion. 

The system of flood- and low-water stages of a stream — fluctuations 
(usually seasonal) through a norm — ^with the delicate channel adjust- 
ments that accompany these systematic changes, is the stream’s regi- 
men. In general terms the. regimen of a stream is its behavior or habit 
throughout the year. Ordinarily a regimen is overthrown, and a new 
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one substituted for it, only by major external factors such as movement 
of the Earth’s crust beneath the stream (p. 355), a volcanic eruption 
(p. 304), or glaciation of the stream’s valley (p, 188). 

Baselevel. A stream can continue to erode its bed until it reaches 
the sea. Here its current is checked, preventing further downcutting. 
The sealevel, therefore, is a level below which, in general, streams can 
not cut (although some powerful streams like the Mississippi are able 
to keep parts of their channels scoured out to somewhat greater depths). 
The level of the sea, projected inland as an imaginary plane below the 
surface of the land, is termed baselevel, hecsiuse it is the base that limits 
downward erosion by streams. 

If a stream emf)ties into a lake, its downcutting is limited by the level 
of the lake for as long a time as the lake exists. The lake therefore 
acts as a local baselevel for the stream, but because every lake above 
sealevel must be drained ultimately, the baselevel that it represents 
is temporary as w^ell as local. For these reasons the level of the lake, 
projected inland, may be regarded as a local and temporary baselevel 
controlling the region upstream from it. Similarly the floors of lake- 
less basins in arid regions (p. 115) act as local and temporary baselevels 
for the streams tributary to them. Barriers of resistant rock across the 
path of a stream limit in the same way the extent of downcutting up- 
stream from them. All local and temporary baselevels, however, dis- 
appear eventually, and the areas they formerly affected pass into the 
control of the ultimate baselevel. 

Profile of Equilibrium; The Graded Stream. We have seen that 
there is a mutual adjustment between erosion and deposition, and the 
load in transport. In the early stages of valley excavation and along 
the upper courses of most streams, downcutting is the dominant process. 
As dowmcutting reduces the gradient and the products of downcutting 
are added to the load, a time comes when the increasing burden of 
transporting the load requires energy that was formerly applied to 
downcutting. Downciitting is retarded just to the extent necessary to 
enable the stream to transport its load. Thus the stream adjusts its 
gradient to its load and tends to approach a condition of balance be- 
tween the available energy and the work done in transporting the load. 
In other words the long profile approaches a profile oj equilibrium. 
However, frequent variations in discharge and other factors prevent 
the profile of equilibrium from ever being actually attained. Yet, be- 
cause the tendency toward its attainment is ever present, the stream 
is able gradually to eliminate falls, rapids, and other irregularities and 
thereby to make its long profile smooth. When a near-equilibriura 
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profile of this kind has been evolved, the stream is said to be graded. 
Because near-equilibrium conditions of energy and load may be at- 
tained in some parts of a long profile sooner than in other parts, the 
graded condition is reached sooner in some places than in others. 

Nearly all graded streams have beds consisting of loose sediment. 
Streams that flow on bedrock arc rarely graded because their loads are 
small and much of their energy can be devoted to erosion of the bed- 
rock. Unless a change in the regimen occurs, a stream maintains its 
graded condition indefinitely, while very slowly reducing its gradient. 

As a rule a tributary enters its main stream at the level of the main, 
in spite of the greater downcutting ability of the main caused by its 
greater discharge. Most tributaries are able to maintain this accordant 
relationship because every foot of downcutting by a main stream in- 
creases the gradients of its tributaries and permits the tributaries to 
‘'keep pace” in spite of their smaller discharges. 

The increased gi'adients of the tributaries augment downcutting at 
the expense of lateral cutting, and this may result in very deep narrow 
tributary valleys. In their effort to maintain accordant relations with ' 
the rapidly downeutting Colorado River, some of its tributaries have 
cut slot-like canyons with vertical sidewalls. 

When a part of a main stream reaches grade, the local tributaries 
soon become graded with respect to it. 

Any long-term change in gradient, discharge, or load (exclusive of 
seasonal clianges within the regimen) upsets the graded condition by 
altering the rate of erosion. Graded streams have been converted into 
actively aggrading streams through great increases in load caused by 
overcultivation of farm land, overgrazing, or deforestation, or when, 
glaciers, appearing in their headwater regions, poured great additional 
quantities of rock waste into them. 

Slower changes of longer duration occur when a movement of the 
Earth’s crust warps a land hrea drained by streams and so alters their 
profiles (p. 485). The streams begin at once to adjust themselves to 
the new profiles and sooner or later again reach a graded condition that 
is also adjusted to the altered position of the land. All streams there- 
fore work toward the near-equilibrium implied by the graded condition ; 
if thrown out of it, they slowly but surely return to it; and, if left un- 
molested by interruptions, they would maintain it as long as they con- 
tinued to flow. 

Falls and Rapids. Palls and rapids occur at points where gradients 
are abruptly steepened. There is no sharp distinction between a rapid 
hnd a falls; both commonly occur where streams encounter previously 
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existing cliffs or pass from resistant rocks to weak rocks, Niagara 
Falls, for example, was formed by a river that fell over a ready-made 
cliff fp. 194). The Niagara River, originating as the outlet of Lake 
Erie at Buffalo, flows over a platefiii that ends near Lake Ontario in un 
escarpment (Fig. 40). At the surface of the plateau arc layers of 
resistant dolomite', and underneath are weak, easily eroded shales (Fig. 



41) . When the river came into existence by the overflow of Lake Erie, 
it flowed across the plateau and tumbled over the escarpment at Lewis- 
ton, forming a falls. As the falling water gradually undermined the 
weak shale, the resistant dolomite above was left projecting as a lip, 
which, penetrated by cracks and fissures and left unsupported, fell 
away block by block. Through long continuation of this process the 
falls perpetuates itself and gradually retreats upstream, leaving a great 
gorge downstream to mark its path. It has now moved 7 miles back 
from its original position and is still visibly retreating. On January 
17, 1931, a large mass of rock at the lip of the American Falls was 
undermined and fell, leaving the lip greatly altered. Similar masses 
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■weighing thousands of tons fell from Horseshoe Falls on August 13 
and December 5, 1934, and in September, 1938. During the 85-year 
period 1842-1927 Horseshoe Falls retreated at an average rate of 3.4 
feet per year. . .. • 

Not all falls, however, were formed by ready-made escarpments. 
More rapid erosion in weak rock than in resistant rock lying immedi- 


Fig. 41. Relation of Niagara River to bedrock at the Falls. Section shown is on the 
northeast edge of the American Falls. Goat Island in middle distance; Horseshoe Falls 
in background. Conditions below surface of Niagara River are partly inferred; probably 
the gorge was excavated chiefly by the Horseshoe Falls rather than by the smaller Ameri- 
can Falls. The overdeepened part of the valley is a plunge basin, excavated not by the 
comparatively weak American Falls bub by the more powerful Horseshoe Falls before it 
had receded to its present position. 


ately upstream will result, at the contact, in a steepening of the gradient 
that may become a falls. 

All falls are temporary. They are eventually eliminated by stream 
erosion as stream profiles are reduced to the graded condition. 

It is worth repeating that falls and rapids occur only where streams 
are not graded. When a stream becomes graded, sharp irregularities 
in its long profile, such as falls and rapids, are necessarily smoothed 
out and destroyed. 
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Stream Deposits 

TYPES OP DEPOSITS 

stream deposits (or, as they are often called, alluvial deposits or 
alluvium) take many different forms, even in a single valley, and con- 
stitute in themselves an extensive subject of study pursued by engineers 
and geologists concerned with river navigation, flood control, and dams 
for making electric power. Without going into details, we can only 



Fig. 42. Valley floor with natural levees bordered by swamps. The vertidal scale is 
exaggerated, and the stream and levees are shown larger in proportion to the width of the 
valley than they would normally be. Dashed line shows position of water surface in time 
of highest overbank floods. 

indicate the common types of stream deposits and the general manner 
in which each is made. 

Channel Deposits. When a stream meanders (p. 102) , the current i.s 
deflected against first one bank and then the other. Deflection of the 
current to the outer and downstream sides of the channel creates slack 
water at the inner and upstream sides and causes deposition there 
which builds those sides out, tending to narrow the channel and causing 
the current to cut the opposing sides away (Figs. 56-58). This results 
in migration of the meander and in the spreading of a veneer of de- 
posits, which in time covers the entire valley floor. Although they may 
be very extensive, such deposits ordinarily are no thicker than the 
stream is deep. They are made strictly within the channel. 

Flood Deposits. A stream whose floods reach the ovcrbank stage 
rises and inundates the adjacent valley floor. When the overflow is 
forced out on to the flat, its velocity is quickly and effectively checked, 
.causing concentrated deposition of fine-grained rock waste along the 
immediate borders of the flooded channel, gradually growing less in an 
outward direction away from the channel. The deposits therefore take 
the form of low but distinct ridges {hatural levees, Figs. 42, 43) that 
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border the channel and reniain after the flood has subsided. The ridges 
have heights from 4 feet up to 15 feet or more ; and, although they are 
the most pronounced visible features of some valley floors, their heights 
are small compared with the depths of the channels. In the course of 
such flood deposition the valley floor is capped by a thin mantle of fine 
sediment deposited quickly in somewhat lake-like shallow flood water. 


The part of a valley floor that is subject to overbank floods is termed 
a floodplain. The Mississippi River has a floodplain which, including 
the natural levees and the low swampy lands beyond their outer slopes, 
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Pig. 43. Valley of the Kootenay River, British Columbia, during a great flood. The 
valley floor is entireb'’ under water except for the trees growing on natural levees along the 
main channel. 

formerly covered an area of 35,000 square miles, but has been reduced 
by artificial means to about 25,000 square miles. 

Many stream valleys, such as the lower reaches of the Connecticut 
River valley in Massachusetts and northern Connecticut, have both 
meander deposits and floodplain deposits. 

Short Cuts; Sloughs. Where natural levees are inconspicuous or 
absent, flood water overflowing a meandering channel follows some old 
abandoned channel or excavates a new channel across the tongue of 
land formed by the meander. Some of these short cuts become en- 
larged, permanently cutting off the meanders they span. Most, how- 
ever, are abandoned as the flood subsides and are left as sloughs^ which 
are slowly undercut as the meander shifts downstream. 

Deposits of Braiding Streams. During the low-water stage, many 
streams heavily loaded with fine sediment, or losing volume by evapora- 
tion or by percolation into their beds, choke up their channels with de- 
posits; they then overflow and, cut new channels, which in turn become 
rapidly choked. This process, termed braiding, develops an intricate 
network of shallow channels forming a complex pattern on the valley 
floor, Many streams in arid and semiarid regions (for example, the 
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Fig. 44. Fans being built out into Death Valley, California, from Black Moun- 
tains Qefi). View south from Furnace Creek Ranch (right foreground"), showing 
Death Valley, a closed basin with a white salt-incrusted playa, and the Fanammt 
Range inclosing the basin on the west (right). The relations shown here are 
essentially those portrayed in Fig. 75, 


South Platte River in western Nebraska) and streams of glacial melt- 
water heavily loaded with sediment are intricately braided (Fig. 124) . 
The fact that a stream fills its channel with deposits at low water does 
not imply that the valley floor as a whole is being built up, because 
during flood stages the stream may remove more rock waste than it 
deposits during low water. 

Bars. Bars of sand and gravel are built in the channels of many 
streams in which the load is not great enough to cause braiding. In 
some streams, bars form during low water and are swept away by the 
next flood. In others they are continuously present, shifting their form 
and position from season to season. ' 

Fans. When a swift tributary stream flows down from high land 
on to a wide and nearly level valley floor, the abrupt change in its 
gradient may cause it to deposit immediately the greater part of its 
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load. In this way a jan is built up, radiating outward from the point 
at which the tributary emerges (Fig. 44) . 

The fan acquires its shape because of the nearly uniform distribution 
of rock waste oyer its surface by the stream that builds it. The stream 
repeatedly chokes up its channel, overflows, and forms new distribu- 
taries, just as in the braiding process. When one sector of the fan has 
been built up, the stream shifts to another and lower sector and builds 
that up. In this way the entire surface becomes covered by deposits 
laid down by the stream, and the 
fan as a whole is remarkably sym- 
metrica,!. 

Upbuilding of the fan steepens 
the gradient of the tributary stream 
at the fan itself, while, upstream 
from the fan, erosion is in progress, 
reducing the gradient there. This 
dual action continues until the; 
gradient has become just steep 
enough to enable the stream to 
transport its load down the fan. 
The radiating profiles of the fan 
thus become graded profiles (Fig. 
45). 

Fans are larger and more com- 
mon in regions of high relief, at points where streams emerge from 
very steep slopes on to plains, than in regions of low relief and gentle 
slopes. In the mountainous parts of western North America some of 
the fans are several miles in radius and hundreds of feet in thickness. 
East of the Rocky Mountains, fans are less conspicuous and are con- 
fined chiefly to the bases of such steep slopes as valley sides laterally 
cut by streams. 

Deltas. As the current at the mouth of a stream is checked by the 
standing water of the sea or a lake, the load drops to the bottom, 
gradually building an embankment that grows outward like a railroad 
or highway fill made by dumping. As the fill is built up close to the 
water surface, deposits usually encroach upon it from upstream, are 
distributed outward, and gradually cover it, making a crudely triangu- 
lar area of new land with one apex pointing upstream. From this shape 
resembling the Greek letter A, the deposit derives its name of delta 
(Fig. 46) . The term is used whether the embankment is converted into 
land or not. 



growth of a fan. Bedrock is shaded; 
stream deposits are stippled, 

AOX = profile of surface before fan 
deposition. 

JBB'X — long profile of stream at an 
early stage of fan building. 

CC'X = long profile at a later stage, 
after the stream has become graded. In 
the grading process, the stream has cut 
away the original upper part of the fan, 
in addition to cutting away much bed- 
rock upstream from the fan. 
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The stratification of a delta is shown best in small deltas built in 
relatively deep water. Here deposition is most rapid on the outer 
slope, forming thick foreset beds sloping outward (Fig. 46) . Fine sedi- 
ment is carried farther out and forms thin hottomset beds. Along tlie 
top, where erosion and deposition alternate as the stream current fluc- 
tuates, thin topset beds are laid down. Some deltas are very thick; that 
of the River Po is at least 500 feet thick beneath the site of Venice. 



Fig, 46, Ideal small delta in three-dimensional view. On the siu’face appear “delta 
fingers” formed by deposition from distributary streams. The block has been cut in two 
and the pieces pulled apart to reveal a vertical section of the delta. Thick, inclined foreset 
beds are underlain by bottomsets and overlain by topsets. The topsets are represented 
only by the thickness of a single line, because they are commonly very thin. The slope 
made by the uppermost foreset bed is shown in phantom view, through the water. (Verti- 
cal scale greatly exaggerated.) 

.In the Mississippi delta and other similar deposits built by large 
streams into shallow water, the current is so strong and the water so 
shallow that this ideal arrangement of beds is not realized, and the 
stratification of the delta resembles the stratification of the alluvial 
deposits farther upstream, 

A stream that rises in flood and overtops the natural levees in its 
downstream course breaches the levees at weak points, flows down their 
outer slopes (which are much steeper than the gradient of the channel) , 
and continues onward throu-gh new channels, leaving the old channel 
with diminished discharge. New channels repeatedly formed make a 
branching system of distributaries that gives the delta its character- 
istic shape. Between the distributaries lie shallow basins which fill 
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with fine sediment during floods and are thus converted into low land. 
The surface of the delta of a large stream so closely resembles the 
floodplain farther up the valley that the delta has to be delimited by 
an arbitrary boundary, usually , the courses of the two distributaries 
farthest upstream. 

The shifting of the main channel through the development of new 
distributaries is strikingly illustrated by the Hwang Ho (Fig. 47), 
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Fig. 47. Sketch map showing three distributary routes taken by the lower Hwang Ho 
in eastern China, 


which for approximately 700 years prior to 1852 had discharged east- 
ward into the Yellow Sea. In an overbank stage in 1852 it spilled over 
at a point more than 300 miles above its mouth, formed a new channel 
northeastward down the floodplain, and finally emptied into the Gulf 
of Chihli, almost 300 miles north of its old mouth. The Hwang Ho 


occupied this new course, with minor distributaries, until 1938, when it 
again changed, this time through human agency. In that year Japanese 
forces at Kai Feng (Fig. 47) were moving on Ch’eng Hsien. The de- 
fending Chinese artificially breached the south levee of the Hwang Ho, 
diverting the river southeastward into an old distributary channel long 
abandoned and thus putting the stream between themselves and tlie 
Japanese. The invaders, their transport ’bogged down in the muddy 
flood, failed to reach Ch'eng Hsien.,^ 

1 It was reported that late in 1947, through a great engineering effort, the river 
was once more diverted into its pre-1938 course. ■ 
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The Mississippi made a similar though temporary change in April, 
1890, breaking its banks more than 100 miles upstream from its mouth, 
at a weak point caused by an irrigation ditch. From here the tempo- 
rary distributary flowed east, entering the Gulf of Alexico 80 miles 
north of the main mouths, incidentally flooding a wide area, causing 
great damage, and halting railroad traffic for two months. As the flood 



Fig. 48. The Mississippi delta and its surroundings, in Louisiana and Mississippi. 
Wliite area represents delta and floodplain. Heavy-stippled areas are higher lands. The 
numbers refer to successive distributary routes used by the Mississippi River during the 
last several thousand years, as interpreted by R. J. Russell, 

subsided tlie river resumed its old course, after having taught local 
engineers that in the vicinity of the break-through the surface of the 
stream wdien normally bank-full is about 15 feet higher than the flats 
beyond the natural levees. Even under normal conditions the Missis- 
sippi discharges a part of its water through the Atchafalaya River, a 
large distributary more than 150 miles in length. 

The Mississippi delta, one of the greatest in the wmrld, with 12,000 
square miles of land area, is in reality a complex of several coalescing 
deltas that have been built successively and continuously during the 
last several thousand years (Fig. 48). The building of each individual 
unit was begun at the time of some break-through and diversion that 
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became permanent. Figure 48 shows the sequence of main distribu- 
taries inferred mostly from abandoned systems of natural levees. 

CHARACTEE OF STREAM DEPOSITS 

Whatever their original shapes, stones and smaller particles trans- 
ported by streams become rounded (Fig. 142, c, p. 206) through the 
abrasion they undergo as they are rolled and tumbled by the shifting 
currents. Furthermore, because of the delicate adjustment of trans- 
porting power to the sizes and weights of the rock fragments forming 
the load, stream deposits exhibit sorting according to size and weight 
(and therefore composition) of the rock fragments (p. 264) . Layers of 
pebbles of various sizes are usually separated from layers of sand, and 
these in turn are sorted out from layers of silt and clay. No one layer 
extends far, however, because the variability of stream currents, re- 
peatedly changing the conditions of deposition, results in thickening 
and thinning of the layers, and causes them to lie at angles inclined to 
each other (Fig. 121). The nearest approach to uniformity and paral- 
lelism of stratification is found in floodplain deposits and in the foreset 
and bottomset beds of deltas, all of which are deposited under condi- 
tions of minimum turbulence. 

Soil Erosion and Floods as Economic Problems 

Soil Erosion. Of the agricultural land in the. United States, nearly 
one-third has lost much of its topsoil, an additional third has lost all its 
topsoil, and one-eighth has been destroyed by erosion. These are stag- 
gering figures, not only because of their size, but because they refer to 
the nation’s basic natural resource— the soil. After two decades to two^ 
centuries of cultivation (depending on the location) man has destroyed 
much of what had been built up by natural processes through thousands 
of years. The big rivers had always carried sediment to the sea, but 
at a rate that was balanced by the slow creation of soil by weathering. 

Then came the pioneer. He — and his successors — cut down forests, 
drained swamps, plowed the sod. The rain battered the ground unim- 
peded by the protecting leaves of trees and ran down bare slopes no 
longer checked by grass. The whole complex process of moving the 
rainfall to the sea was speeded up and made disastrously rapid, as in- 
creased velocity increased the capacity of the running water (Fig. 49) . 

But the damage does not end on the hillslopes. The great quantity 
of sediment washed into the streams buries agricultural bottomlands, 



RUNNING WATER 


93 



silts up reservoirs, destroys fish life, and pollutes water supplies; and 
the too-rapid discharge of runoff, no longer adequately delayed by per- 
colation through the ground, heightens floods on the big rivers to dis- 
astrous figures. 

Soil erosion can be checked, and the normal regimen that existed 
before the damage began can be restored, by widespread adoption of 
conservation measures, among wdiich are the following: 


XJ. 8. Soil Conservation Service. 


Fig. 49. In this field near Bethany, Missouri, corn was planted in rows that ran down- 
slope instead of along the contour. After a heavy rain gullies developed, 4 to 6 inches 
deep, through which the field as a whole lost an average of 2 inches of topsoil. Such dam- 
age can be prevented by proper methods of cultivation. 


1. Retirement of marginal lands which should never have been de- 
forested or plowed and which must be returned to their former condition 
without delay. 

2. Soil-protection measures, aimed at slowing down the flow of water 
on slopes. These include 

(a) Terracing the slopes. 

(b) Plowing and cultivating “row crops” such as corn and cotton 
oiilj along the contour. 

(c) Planting strips of thick-growing crops (hay or grain) alternately 
with row crops along the contour, and staggering the seeding dates so 
that the entire slope is never bare. 

(d) Rotation of thick- growing crops with row crops so as to permit 

small gullies to heal. ■ ' 
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Fig, 50, Dynamiting an artificial Uvee on the flooded Mississippi River IS miles 


below New Orleans, Louisiana, in order to give an additional outlet to the river 
to reduce the height cj a 20-foot flood. River is shown at right; the road and 
lowland on the left were immediately inundated. 




3. Curative measures, such as the healing of gullies by planting 
quick- growing vines and the building of check dams, and the proper 
draining of roads on slopes. 

Destructive Floods. Prior to the settlement of North America, the 
regimen of the Mississippi and other large rivers included annual floods 
which were usually overbank, inundating broad areas beyond the im- 
mediate stream channels. Early in the eighteenth century attempts 
were made to confine the flooded Mississippi to its channel in order t(^ 
protect new settlements and to reclaim for agricultural purposes the 
fertile floodplain. These attempts took the form of artificial levees 
(Fig. 50) which were built on the tops of the natural levees. If a given 
discharge is confined to a narrowed channel and thus prevented from 
normal flood-time spreading, the cross-section of the channel must be 
increased. We have seen that much of this added depth is attained 
locally by increased erpsiop pf the bed, but part of it is attained by 



RUNNING WATER 


95 


rise of tlie water surface. Hence, whenever a new levee is put in, those 
already in existence must be raised. The first levee, built at New 
Orleans, was 4 feet high. Today the- average height is 18 feet. In 
1902 there were 1300 miles of these levees along the Mississippi ; in 
1927 there were more than 1800. The river at flood stage is gradually 
rising higher above the adjacent basins, so that when breaks occur they 
are correspondingly more destructive. Witness the disastrous flood of 
1927 in W'hich the swmllen river broke through the levees in 225 places 
and inundated 18,000 square miles of inhabited land. 

Through more than 100 years each big flood on the Mississippi has 
been more disasti’ous than the last. It seems probable that this is 
largely the result of deforestation, artificial drainage, and improper 
agricultural practices throughout the huge region from the Appa- 
lachians to the Rockies that contributes water to the Mississippi. 
Even if such evils were not enormously harmful in themselves, the pro- 
tection of the lower Mississippi basin would be sufficient reason for 
curbing them. Levees can not be built to withstand floods of ever- 
increasing magnitude, but probably they are capable of confining the 
normal floods wffiich we could expect once again if drastic and far- 
reaching conservation measures were applied to the tributary region. 
In the meantime the extensive flood-control plan now under way rec- 
ognizes the need of additional means of combating floods, among which 
are the building of dams on tributary streams, and the establishment 
of permanent overflow channels along old delta distributaries, to act as 
safety valves for regulating the height of flood stages. 
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Chapter 6 


SCULPTURE OF THE LAND BY STREAMS 
AND MASS-WASTING ‘ 

Relation of Streams to Mass-Wasting. Having viewed the proc- 
esses by which streams work, we may now examine the way in which 
streams sculpture a land area. At the outset w'e must realize that 
whereas streams are responsible for cutting and deepening their valleys, 
and for transporting the waste from the land as though they were vast 
systems of converging conduits, yet the shaping of the greater part of 
the land surface — including most of the side slopes of the valleys them- 
selves — is the work not of streams 
but of mass-wasting (Fig. 51). To 
be sure, the cutting of valleys pro- 
vides differences of height that per- 
mit gravity to operate on the 
mantle, and so mass-wasting is 
limited by the streams and is 
graded with respect to the stream 
profiles. But the slopes themselves 
are wasted by broad sheet-like 
movement of the mantle which, 
after working down to the base of 
a slope, is fed into the nearest stream. At the stream edge, the sheet- 
like movement is abruptly converted into linear movement as the 
streams sluice away the rock waste toward the sea or into inland 
basins. . 

Sculpture in Moist Regions 

DEVELOPMENT OP STREAM VALLEYS 

Birth of Valleys; Consequent Streams. Some streams follow de- 
pressions made for them by other processes, but the majority occupy 
valleys that they themselves have excavated. Stream valleys begin 
their existence on new land surfaces just emerged from beneath lakes 

97 



Fia. 51. Segment of an ideal valley. 
The narrow vertical cut shows the volume 
of rock directly excavated by the stream. 
The much greater remainder of the total 
excavation was accomplished by mass- 
wasting. 



BRUBAKER AERIAL SURVEYS. 

Fig. 52 . Consequent system of gullies growing headward up a gentle slope underlain 
by silt. Horse Heaven Hills, north of Pendleton, Oregon. View from the air. 
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or the sea, or underlain by deposits recently made by glaciers, streams, 
volcanoes, and the wind. On new surfaces of all these kinds the first 
rains wash away loose particles and carry them down the nearest slopes 
in broad sheets and rills. Joining at the bases of converging slopes, 
two or more rills combine, and the increased velocity resulting from 
increased discharge causes increased erosion in more than direct pro- 
portion. With increasing erosion, the rills become larger (and of course 
fewer) , and the larger they become, the more water they carry. Each 
rill first excavates a gully (Fig. 52), Erosion at its head, accelerated 
because the gradient is steepened there, causes the gully to lengthen 
headward, and the runoff washing down its sides widens it. At the 
same time the rill flowing through the gully deepens it. Thus under- 
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going continued enlargement, streams that follow (are ‘'consequent 
upon”) the pre-existing slopes of the land in the manner described arc 
said to be consequent streams. 

Intermittent and Perennial Streams. At a very early stage the 
valley is likely to carry water only during and after fains, so that its 
stream is intermittent. As erosion deepens the valley, however, more 
and more of the rainfall that enters the ground directly has opportunity 
to emerge again along the valley sides and to contribute ground-water 
runoff long after the rains have ceased. Eventually the valley is ex- 
cavated to the depth at which all openings in the rocks are permanently 
filled with water. From this time on, 
water seeps steadily and uninterrupt- 
edly into the valley, forming a peren- 
nial stream. 

Tributaries. Many of the tributaries 
of a consequent stream system are 
formed simultaneously with the main 
stream, by runoff down the existing 
slopes. Additional tributaries begin by 
flowing down slight irregularities in the 
sides of the main valley, cutting gullies 
whose heads grow upslope away from it 
(Fig. 53) . Once begun in this way, the 
tributary gullies are extended headward at the same general angle to 
the main, because the growth of each is guided by adjacent tributaries 
developing under the same control. The pattern made by the whole 
branching system resembles the trunk and branches of a tree. 

Divides. As a stream system continues to grow headward up the 
slope of the land, its headwaters approach those of another stream 
system draining in the opposite direction. The line separating the two 
watersheds is a divide; it is gradually lowered as the waterslicds arc 
reduced by erosion. At the same time it is shifted laterally, because 
no two stream systems perform equal erosion and the resulting greater 
rate of erosion on one slope shifts the divide slowly against the weaker 
system. The shift becomes increasingly slow, partly because gradients 
normally decrease as streams continue to erode the land, and partly be- 
cause the rates of erosion on the two drainage areas gradually approach 
equality. 

In both stream systems each tributary has a rate of erosion tliat 
differs from that of each immediate. neighbor. Therefore the interven- 
ing divide is shifted unequally along various parts of its course, and so 



• Fig. 63. Ideal main valley with 
sloping sides, showing why tribu- 
taries gi'ow headward from it at 
acute angles, oa “ slope of land 
surface; oh = slope of valley side; 
oc — resultant course of runoff, 


SPENCE AIR PHOTOS. 


Fig. 54. Land mass in early-tnature stage of the fluvial cycle. Note the intricate 
ma%e of valleys and the "^igzag -pattern of some of the divides. Foso Creek district ^ 

Kern County., California. 

it gradually assumes an irregularly zigzag pattern (Fig. 54). Where 
two opposed valleys head directly against each other, a sag develops in 
the divide. 

Stages in the Evolution of a Valley. A valley once formed in a land 
area standing moderately above baselevel goes through a fairly definite 
series of changes, each of which merges with the next, to form an un- 
broken chain. In crude analogy with living organisms, valleys are said 
to be young, mature, and old, the characterization emphasizing their 
stage of development rather than their absolute age in years. 

The ideal young valley has a V-shaped cross profile (Fig. 55) and its 
floor is scarcely wider than the channel of the stream it contains, be- 
cause downcutting by the stream is dominant over valley widening 
by mass-wasting. 
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Irregularities in the channel and banks of the stream deflect the cur- 
rent; turning it against one bank. By impinging against this bank, it 
is turned toward the opposite bank, where the process is repeated. In 
this manner the channel takes on a winding pattern. The centrifugal 



Fra. 55. CroHa-ijrofiles of a stream valley, developed successively during the pi-ogrossive 
erosion of the valley. 1, S are V-profiles. 4 ^ are broadly flaring profiles. 

force of the swinging cmwent results in increased erosion of the banks 
at the places where the current is thrown against them. The banks are 
worn back at these places, which alternate, right and left, down the 
- valley. As the banks yield, the channel shifts sidewise toward the 
'■ outer and downstream sides of its curves (Mg. 56) . At the inner and 
upstream sides of the curves the water is slack. Here alluvium is de- 



Fig. 56 Mg. 57 Mg. 68 


Figs. 56-58. Evolution of the valley floor and development of stream curves into meanders. 

Fig. 66. Stream is actively cutting at the outer sides and slipping away from the inner 
sides of its curves, making crescent-shaped strips of valley floor. 

Fig. 57. Later stage- Stream has cut a continuous strath and is undercutting the 
spurs that face upstream. 

Fig. 58. Later stage. Valley has been widened nearly to the width of the curves 
(now meanders), which sweep down the valley. 

posited and is abandoned as the channel shifts sidewise away from 
these areas. 

Tlie combination of downcutting and lateral shifting of the channel 
imparts to the valley sides alternating, steep and gentle slopes (Figs. 56, 
57) . The latter gradually merge into a slowly widening valley floor. 
At first the floor consists only of crescent-shaped strips on alternate 
sides of the channel (Fig. 56) ; But as the channel shifts and as down- 
cutting diminishes, the strips coalesce, forming a continuous, more or 
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less fiat valley floor cut from the bedrock and thinly covered with 
stream deposits (Figs. 57, 58). This floor is known as a strath, a word 
long used in Scotland in reference to a wide flat valley floor. When the 
strath has become fully developed, the valley is said to be mature. By 
tliis time the stream, undercutting the valley sides, has widened tlic 
valley floor to a diameter greater than the diameters of the curves of 
the stream channel. When the curves have reached this condition they 


Fig. 69. Valley with wide strath, showing formation of cutoffs and crescent-shaped 
Arrows in near part of stream indicate course of current and position of 
part of channel. Undercutting on outer banks and deposition on inner banks of 
the channel give the strath the faint interlocking slopes visible in the diagram. 


(Figs. 58, 59, 60) . (Some meanders, however, are 
in other ways, as indicated on p. 85.) The steepest bank and 
water lie on the outer side of a meander, where the current is 
As the curvature of a meander becomes more pronounced, 
channel is cut through its neck, and an island is thus formed. The 
main current takes the shorter route afforded by the cutoff, and the 
entrances to the abandoned channel are gradually filled with sediment, 
leaving a shallow crescent-shaped (oxbow) lake (Fig. 59). Such lakes 
are undercut and destroyed by other meanders migrating gradually 
down the valley. 

Lateral cutting does not cease at this stage. The meandering stream 
impinges here and there against the valley sides, wearing them back 
still farther. The stream also shifts its course by overflow during 
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Fig. 60 . Mature valley with wide strath and meandering stream. Anna-^olis 
Valley, Tufperville, Nova Scotia. 


floods (p. 86). In these ways the strath may be broadened to many 
times the width of a single meander (and if the stream is subject to 
overbank floods, part or all of the strath may become a floodplain). 
Stream cutting takes place more and more slowly, and mass-wasting 
reduces the valley sides to very gentle slopes. The valley has now 
become oZd. 

The terms young, mature, and old are convenient in describing val- 
leys, for each term implies a group of distinct characters. 


THE FLUVIAL CYCLE IN A MOIST CLIMATE 

The change in size and form of a valley as it evolves through its 
young, mature, and old stages is marked. Trom visualizing the evolu- 
tion of a single valley it is only -a step to visualizing the evolution of 
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a broad land mass drained by innumerable valleys. Since valleys 
enlarge at the expense of the areas that separate them, it follows that, 
given time enough, streams and mass-wasting must eat away even a 
great land mass and reduce it to baselevel. Such complete destruction 
is the certain result of these processes if they are not interrupted. The 
series of changes involved in the upheaval and the complete reduction 
of a region to baselevel, by any geologic process, constitutes a geo- 
morphic cycle (a completed process involving the form of the land) . 
The geomorphic cycle that is controlled by streams and mass-wasting 
is termed the fluvial cycle. Of course no eye has seen a single land 
mass undergo all the changes described, because the process is very 
slow. But because we observe many different land masses today, each 
in a different stage of evolution, and each grading imperceptibly into 
the next, we can safely infer that, given time enough and freedom from 
interruption, the entire sequence of changes will occur. 

The fluvial cycle varies wnth climate, differing in the moist temper- 
ate climates of eastern North America and western Europe from the 
cycle in tropical regions with extreme rainfall, and again from the 
cycle in warm arid regions. We may select the first and the last as 
examples, because these are well represented throughout wide areas of 
North America. 

Initial Stage. Figure 61 represents a land area composed of homo- 
geneous rocks newly emerged from beneath the sea and lifted up to 
moderate height in a region of moderate rainfall. Gullies develop on 
its surface at once. Adjacent gullies join dowmslope and form con- 
nected chains, which gradually become valleys. Tributaries develop, 
lengthening themselves headward from the parent gullies, and the land 
area passes from the initial stage into youth. 

■ Youth. The region is now drained by a stream system developed 
upon the pre-existing initial slopes, wdiich happened to be so arranged 
that greater concentration of drainage took place along the lines of 
the infant streams B and C (Fig. 62) than along the streams A and D. 
Streams B and C therefore sent out more tributaries and grew head- 
ward more swdftly than their less favored weaker neighbors A and D. 

The struggle for supremacy among these streams is illustrated by 
the situation at x (Fig. 62). Two streams, c and d, tributary respec- 
tively to B and C, have lengthened their valleys headward toward each 
other, narrowing the broad area that formerly separated them. Stream 
c has a shorter route to the sea than has stream d; hence the gradient 
of c is steeper, its power to erode is greater, and it cuts its valley both 
downward and headward more rapidly than does d. This inequality 
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in rate of erosion results not only in lowering the divide ir but also in 
shifting it away from c toward d. 



Figs. 61-66. Ideal fluvial cycle under a moist temperate climate and on homogeneous 
rocks. 

Fig. 61. Initial stage, showing gullies developing at points where the runoff is con- 
centrated. 

Fig. 62. Early youth, showing gi’owth of the stronger at the expense of the weaker 
streams. . 

Fig. 63. Later youth, showing reduction of the initial surface to irregular ridges. 

Fig. 64. Early maturity, showing dissection of interstream areas into slopes and de- 
velopment of straths. 

Fig. 65. Later maturity, showing decrease in relief, reduction of slopes, and widening 
of valleys. 

Fig. 66. Old age, showing development of fluvial peneplane with nionadnocks. 

If the inequality were great enough, the divide would be shifted into 
the floor of stream C immediately below, the former mouth of d, and 
all the drainage of C above this point would be suddenly captured, and 
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diverted via c into B. Other types of stream capture are described on 
pages 115 and 498. 

The streams in youth have gradients as steep as the height of the 
land above sealevel permits; they occupy V-valleys with steep sides 
and crooked courses. Tributaries develop rapidly, their valleys grow- 
ing headward from the main streams like branches growing from the 
trunks of trees. As the numerous tributaries, powerfully aided by 
mass-wasting, dissect the surface, the broad areas between parallel 
streams contract into narrow irregular ridges (Fig. 63). 

Maturity. When the tributaries have lengthened their valleys so 
far headward that the areas between them have been dissected into 
short hills and spurs, and -when the growing valleys have consumed 
much of the land mass, the landscape imperceptibly takes on a new 
aspect and the region is said to be mature (Fig. 64). The intricate 
network of drainage is complete, and most of the area has been carved 
into slopes. The main streams have cut downward far enough to de- 
crease their own gradients appreciably, and to develop straths on 
Avhich they meander, While the upland (initial) surface, prominent dur- 
ing youth, has wasted into slopes. Because downcutting has been 
checked, the mantle moves down the slopes less rapidly. Sliderock 
accumulation and landsliding gradually give place to creep, and conse- 
quently the profiles of the valley sides are converted into sweeping 
curves (Fig. 68, left). The mass-wasted slopes are graded with respect 
to the streams at their bases, just as a mature tributary stream is 
graded to its main. In this way graded profiles extend not only along 
the streams but up the hillslopes as well. 

Old Age. Because of the ever-decreasing gradients of the main 
streams, the heights along the steeper tributaries are now wasted 
more rapidly than the larger valleys can be deepened. The result is 
a gradual decrease in relief (Fig. 65) . Lateral cutting by the sluggish 
main streams widens the valleys and helps to cut away the adjacent 
higher land. As the floors of the main valleys slowly approach base- 
level, and downcutting by the main streams gradually diminishes, ero- 
sion is confined more and more to valley widening by the main streams 
and mass-wasting of the slopes, although downcutting may still be 
active along the lesser tributaries whose gradients are still consider- 
able. The hills of maturity merge downward into low altitudes in old 
age, catching less precipitation and shedding the reduced runoff feebly. 
Tributaries diminish in number. . Erosion takes place wdth increasing 
slowness, so that it might require, more time to remove the last few 
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Fig. 67. Monadnoch near Moosehead Lake, Maine 


feet of land still above baselevel than was needed for the destruction 
of all the land that went before. 

Peneplanes ; Monadnocks. The surface of low relief, very gently 
undulatory, that is developed in late old age is a terrestrial peneplane 
( almost a plane,” Fig. 66). Only a few residual remnants of the 
former high land remain. Here and there isolated hills of resistant 
rock stand somewhat above the general surface, like islands above the 
sea (Fig. 67) . Such island-like masses are monadnocks, so called after 
Mount Monadnock in New Hampshire which stands in this manner 
above the surface of the surrounding country. The creation of a ter- 
lesti'ial peneplane is the work of stream erosion and mass-wasting 
combined, each process aiding the other. 

If we followed the cycle to its theoretical conclusion, we should have 
to add a stage in which the peneplane was converted by almost in- 
credibly slow degrees into a plane, devoid of elevations or depressions 
of any kind. But, because we have never found remnants of such 
planes, we are inclined to doubt that they have ever been made, and 
so we devote little attention to them. 

The terms youth, maturity, and old age do not refer to periods of 
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years, or to any absolute age. They denote merely stages defined by 
the amount of work done in proportion to the total amount of work 
that must be done to complete the cycle. A region of very w^eak rocks 
might reach old age while an area of resistant rocks was still in youth 
as far as the amount of erosion accomplished is concerned. It follows 
that an extensive valley system may be in different stages in different 
localities, depending on supply of water and on the nature of the 
underlying rocks. Other factors equal, main valleys are always more 
advanced in the cycle than are their tributaries. 

Since streams have been carrying rock waste from land to sea for 
hundreds of millions of years, wdiy has not all the land been reduced 
to sealevel? The reason is that the Earth’s crust is very unstable; 
while one part is being worn dowm, another part is being lifted up and 
subjected to renewed erosion. For this reason there are no undamaged 
peneplanes in the lands of today. Remnants of former peneplanes 
exist, but none is now near baselevel. Some peneplanes have been 
lifted up, and dissected by a new generation of streams, so that they 
are now recognizable only as patches on flat-topped divides. Others 
have been buried beneath sediments of later date, and are now recog- 
nizable only wdiere the blanketing deposits have been, still later, partly 
cut away: where the peneplane has been, so to speak, exhumed. 

More often than not, a cycle once begun is interrupted, usually by 
renewed uplift of the land, before it has reached the peneplane stage. 
Results of such interruptions are discussed in Chapter 20. 

Time Involved in the Cycle. The time required for the great se- 
quence of changes involved in the cycle depends on the height of the 
land above sea, its distance from the sea, the resistance of the rocks to 
erosion, and the climate; but even under the most favorable conditions 
it is enormously long. From measurements of the amounts of sedi- 
ment carried by the Mississippi River under various conditions, it has 
been computed that the vast land area tributary to this river is being 
lowered at the average rate of 1 foot in 7000 to 9000 years. This rate 
is very rapid in terms of geologic history ; it seems rapid even in terms 
of human history when we realize that since the time when man first 
appeared on the Earth (about a million years ago) an average thick- 
ness of 100 to 150 feet of rock has been removed from the Mississippi 
basin. Yet at this rate more than 15 million years would be required 
to reduce the region to baselevel, even if no account is taken of the 
gradual slowing up of erosion as a result of dqcreased gradients. The 
actual time required would ;be vastly longer. 
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Sculpture IN Arid and Semlirid Regions 

DIFEERENCES BETWEEN DRY AND MOIST REGIONS 

Arid and Semiarid Regions Defined. Dry territory is usually clas- 
sified roughly into semiarid (in which the annual precipitation is 10 
to 20 inches, as in the Great Plains region east of the Rocky Moun- 



The long stream in the center is the Humboldt River; like the smaller streams it ends in 
an interior basin. Compare with the drainage of a moist region of somewhat similar size 
shown in Fig. 321, p. 489. 

tains) and arid (which receive less than 10 inches of precipitation an- 
nually and are subject to great evaporation). Some authorities define 
arid regions as areas in which drainage does not reach the sea. On 
the latter basis, one-quarter of the land area of the globe is arid, if 
exception be allowed for long through-flowing streams such as the 
Nile and the Colorado. These streams maintain themselves through 
arid regions in spite of great evaporation and lack of many tributaries', 
because their headwaters in distant mountains give them a large and 
steady supply. 

Chief among areas of interior drainage are the Sahara, the Libyan 
Desert, and the Kalahari in Africa, parts of the Basin-and-Range re- 
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gion in Nevada and adjacent States, the desert of western Australia, 
certain basins high in the Andes, and wide areas in central Asia, such 
as the Gobi Desert and the Takla Makan basin. All these regions are 
alike in that their streams lose themselves in the interior (Fig. 68) . 

Arid and semiarid climates favor some processes and inhibit others; 
as a result, sculpture of dry lands differs conspicuously from that of 
moist lands. The differences are explained below. 

Weathering and Mass-Wasting. We have seen that in moist re- 
gions the mantle is nearly universal, comparatively fine textured, a 
product mainly of chemical weathering, and in motion downslopc 
chiefly by soil creep. It is covered with an almost continuous growth 
of sod, brush, or forest. The resulting hill profiles, especially in the 
mature stage of the cycle, are a series of curves (Fig. 36). 

In dry regions, on the other hand, the mantle is discontinuous, 
coarser in texture, and a product of mechanical weathering to a much 
greater degree. In the slow motion of the mantle down the slopes, 
talus creep replaces soil creep to a large extent. In consequence, slopes 
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Fig, 69. Butte and mesa along the Kio Grande at San Ildefonso, noi’thwest of 
Santa Fe, New Mexico. The capping consists of lava flows resistant to weather- 
ing. These protect the weaker rocks beneath and maintain the cliffs near the sum- 
mits. Frohahly the lava flows were formerly continuous through this district, the 
butte having been later isolated from the mesa through erosion by the Rio Grande 
and its tributaries. 


SCITLPTUEE OF THE LAND BY STREAMS AND MASS-WASTING 111 

are generally steeper than in moist regions, and taluses are more com- 
monly in evidence. 

Mechanical weathering, wmrking along joints in the bedrocks, forms 
angular blocks which, as they fall or creep downslope, leave steep 
rugged cliffs. 

Hills made of fiat-lying layers of rock remain flat topped and steep 
sided as they grow smaller in area through recession of the cliffs that 
constitute their sides. Flat-topped erosion remnants of this kind are 
mesas; similar features of smaller extent are the fiat-topped buttes of 



Fig. 70. Contrast between landscape profiles in moist and dry regions. Left^ — resistant 
rocks largely masked by mantle of chemically weathered ressiduum creeping down the 
slopes. Right — resistant rocks exposed as broad platforms and steep cliffs, with local 
taluses built by mechanical weathering and mass-wasting. 

western landscapes (Fig. 69). The curving profiles that characterize 
the moist regions in maturity of the fluvial cycle are less common here. 

Mechanical weathering also accentuates instead of minimizing the 
effect of rock resistance on landscape profiles (Fig. 70) . No mat of 
creeping mantle obscures the contacts between weak and resistant rock. 
The Grand Canyon affords an excellent example. It has been exca- 
vated by the Colorado River in nearly horizontal rocks arranged in 
alternating weak and resistant layers. The more resistant layers form 
broad platforms, and steep cliffs whose taluses (derived from mechan- 
ical weathering) only partly cover the weaker beds (Fig. 70) . 

Stream Sculpture. In dry regions trees are generally very rare, 
and although in semiarid country a blanket of sod is present, the soil 
is loose, dry, and permeable. . Gullying readily occurs where the soil 
I is laid bare. Because flow down all the slopes is little obstructed, the 
.! proportion of surface runoff, to rainfall is relatively large, streams are 
' subject to sudden floods, their waters are turbid, and in seasons of 
little rainfall their flow is greatly reduced and some go dry. The abil- 
ity of the streams to erode, when in flood, is very great. In mountain 



Geological Survey of Canada. 


Fig. 71. Badlands along Red Deer River south of Happy Jack Ferry, Alberta. 
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areas the flood waters pick up great loads of rock debris. At the foot 
of the mountains stream velocities are abruptly cheeked, and dis- 
charges diminish not only by percolation downward into permeable 
stream deposits but also by evaporation enhanced by the dry climate. 
In consequence, fans are commonly larger and more conspicuous in 
dry than in moist regions. It should be noted that aridity aids fan 
development by promoting evaporation but is not essential to it. Mud- 


flows help to build up the fans; they play a more important part in the 
progress of erosion and deposition than they do in moist regions. 

In many dry regions creep of the mantle flown the sides of the 
smaller valleys is less conspicuous than the effects of lateral cutting 
and deposition by streams in flood. The result is a steep-sided, flat- 
floored valley or ''box canyon,’' a characteristic feature of the Great 
Plains and other similar regions. 

Although it is usual in dry territory for streams to be spaced far 
apart in response to the small . precipitation, nevertheless weak fine- 
grained materials such as clay and silt exposed to erosion are rapidly 
carved into networks of gullies separated by narrow spurs. Such in- 
tricate gullying, which progresses visibly with every rain, is common 
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along parts of the Missouri, Little Missouri, White, Cheyenne, and 
other rivers that drain the Great Plains region, most of which is under- 
lain by weak bedrocks. Areas so gullied are termed badlands (Fig. 71) . 

Influence of Wind. The sraalh moisture content of the mantle, 
scanty vegetation, and rapid mechanical weathering that characterize 
dry regions are factors favorable to wind work (Chap. 10). In some 
deserts such as the Sahara, where sandstorms are frequent and violent, 
the wind plays an important part in shaping the landscape. However, 
wind work is not of prime importance in the arid regions of North 
America, because its effects are greatly exceeded by those of other 
processes. 

THE PLUVIAL CYCLE IN A MODERATELY ARID CLIMATE 

No single example can illustrate all the many kinds of arid regions. 
The idealized cycle outlined below represents the conditions embodied 
in the more arid parts of the southwestern United States, in which 
interior drainage is an important factor, but which is less dry than the 
Sahara. 

Initial Stage. Under a sufficiently arid climate an initial land sur- 
face consisting of high ridges separated by broad trough-like closed 
basins results in interior drainage. As the ridges are uplifted, streams 
develop as consequents upon the newly formed slopes and carry drain- 
age from the new highlands down into the adjacent troughs. They 
flow only after infreciuent storms and are represented at other times 
only by dry valleys. Most of them evaporate or sink beneath the sur- 
face before they reach the low central parts of the troughs, depositing 
their loads in the form of fans built up along the bases of the highlands. 
The central parts of the basin floors are playas (Figs. 101, 102, p. 149) ; 
and the wmter that reaches them forms shallow lakes (p. 148) only to 
evaporate soon afterward. Figure 72 shows the initial surface, initial 
consequent valleys, and playas in the troughs. 

Youth. In the steep highland valleys the streams are eroding their 
beds; on the gently sloping basin floors the same streams are deposit- 
ing their loads. Where they emerge from highlands into basins they 
are at grade. Because they are here neither degrading nor aggrading, 
their energy is applied effectively to lateral cutting. Combined lateral 
erosion by several adjacent streams cuts a gently sloping surface in 
the bedrock at the base of the highland (Fig. 73). This surface is 
called a 'pediment, because of a resemblance, when viewed from a dis- 
tance, to the triangular area that forms the gable of a roof. The mak- 
ing of pediments is a result also of weathering and mass-wasting on 



Fius. 72-76. Ideal fluvial cycle under a moderately arid climate. (Compare Figs. 61-66.) 


Fig. 72. Initial stage, showing ranges, basins, and early development of fans and 
playas. 

Fig. 73. Youth, showing appearance of one type of pediments and decrease of relief as 
the basin floors rise by filling. 

Fig. 74. Maturity, showing widening of pediments and capture of the higher basin by 
the lower. 

Fig. 76. Later maturity, showing dissection of the higher basin, transfer of the waste 
to the lower, and the exposure of pediments. . 

Fig. 76. Old age, showing maximum development of pediments and disintegration of 
the drainage. Climax of deflation is indicated by small whirlwinds carrying dust. 
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the highland slopes and of other processes, the relative importance of 
each of which has not been established. 

As the highlands are consumed by erosion their steep faces retreat, 
widening headward the zone in wdiich the streams are at grade, and 
with it the pediment. Because the streams do not reach the sea, sea- 
level can exercise no control over them as it does over the streams in 
a moist climate. Here the basclevels that limit downcutting by the 
streams are formed by the basins themselves. The floor of each basin 
becomes the local baselevel for the streams tributary to it, and as the 
basins arc slowly filled with waste from the mountains, each baselevel 
rises. This reduces the stream gradients and obliges the streams to 
reduce by ever-renewed lateral erosion the slopes of the pediments. At 
the same time the rising surface of the rock waste in the basins creeps 
higher up the pediments. The streams, still flowing intermittently but 
lierforming much work during their short periods of discharge, are at 
grade throughout the greater parts of their courses. Meanwhile strong 
winds pick up fine rock waste from the playas and sweep it, as dust, 
upward and outward over the inclosing highlands so that it escapes 
from the region entirely. 

Maturity. As the mountain divide between two basins is cut down 
and the basin floors are built up, the higher basin in time is able 
to drain dowmward across the old divide into the lower basin. The 
drainage of the higher basin has been captured (p. 105) by the lower. 
When the drainage in the basins has tlms become integrated into a 
unit the mature stage is said to have been reached, and drainage passes 
from the upper basin to the lower in times of rain (Fig. 74). The 
capture results in the dissection of the higher basin by a consequent 
system of gullies wmrking headward from the new channel, and the 
waste from their excavation is deposited in the lower basin, hastening 
its filling. With the capture, the surface of the lower basin becomes 
the master baselevel. It controls both its own streams and those of its 
neighbor. 

The dissection of the former playa in the upper basin makes bad- 
lands, and this basin becomes so thoroughly dissected that every part 
of it drains down into the master basin (Fig. 75), while the initial 
highland surface has entirely disappeared. 

Old Age. With the kwering of the mountains the rains, infrequent 
at the outset, become even more rare because condensation decreases 
wdth decreasing elevation. The whole process is correspondingly re- 
tarded, but the wdnd, its erosive activity loss interrupted by the occa- 
sional wetting of the remaining playa, blows away more rapidly the 
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fine loose material of the basins. The pediment in the higher basin, 
stripped of most of its earlier mantle of waste by transfer to the lower, 
is laid bare. The wind becomes an increasingly important agent of 
erosion, picking up the finest material, blowing it away, and thereby 
slowly lowering the whole surface, which now resembles a plain more 
nearly than a pair of basins. Only the rock masses that are most 
resistant to mechanical weathering remain as monadnocks projecting 
island-like above the surface of the plain. Because the wind can work 
at will over the entire area, the surface continues to be slowly worn 
down (Fig. 76) . In a very late stage the floor is thinly covered with 
coarse waste and dotted with monadnocks. 

If the master basin were not closed, but instead drained out to the 
sea, the cycle would differ only in detail. Pediments would form in 
the master basin, but its floor would not rise by filling. 

If the final stage does not exist in any arid region at present, it may 
be partly because the crust has been unstable or because insufficient 
time has elapsed since the glacial ages (when most dry regions were far 
less dry than now) to allow it to develop. It has been argued, how- 
ever, that in the arid cycle the surface could be worn down by deflation 
(p. 200) to a depth well below sealevel, providing the sea were kept out 
by surrounding highlands. An example is the Qattara depression in 
the Libyan Desert in northeastern Africa. Nearly 150 miles long and 
in places lying more than 400 feet below sealevel, this basin was the 
southern anchor of the “El Alamein line” during World War II. 

The wind, however, can not pick up rock particles from wet ground, 
and so ultimately deflation would be stopped by the water table, below 
which the rock is kept permanently moist. The water table (p. 120) 
therefore may constitute the baselevel for the cycle in such a region. 

The cycle in a region such as the Sahara or southern Arabia differs 
from the above chiefly in a different emphasis on the processes. In 
those regions the initial relief was generally less, and the making of 
fans and pediments is less conspicuous relative to wind work than is 
the case in the United States, 

Conclusion 

Given any kind of land mass acted upon by streams under specified 
climatic conditions, we are able to foresee the general sequence of 
events that will take place and thus to reconstruct the past and pre- 
dict the future by a study of the present. The organization of our 
knowledge of the work of streams into a continuous chain such as is 
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represented by the cycle concept is an invaluable aid in the study of 
the sculpture of the land by streams. 

The examples of land sculpture given in this chapter are based on 
simple conditions such as .homogeneous rocks and a quiescent crust. 
The sculpture of many land masses has been more complex, but dis- 
cussion of them is deferred to Chapter 20. This chapter follows tlie 
discussion of sedimentary rocks and crustal movements, a prerequisite 
to an understanding of the wide variety of stream-sculptured forms. 
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Chapter 7 


SUBSURFACE WATER 

One of the reasons why man has been able to establish permanent 
settlements, not only in well-watered country but also in desert lands, 
is that there are few districts in which holes, intelligently located and 
sunk far enough into the ground, do not encounter at least a small 
supply of water. The depth of an adequate well in a moist country 
may be only a few: feet; in a desert it may have to be hundreds of feet. 
The Earth’s superficial rocks constitute a vast reservoir of subsurface 
water, which not only is of prime human importance, but also plays an 
important part in the endless process of geologic change. Water in 
the ground dissolves some of the substances of which the rocks are 
composed and thus prepares them for attack by other eroding agents. 
Conversely, it acts as a transporting and depositing medium for sub- 
stances that cement loose sediments to form new rocks. The quantity 
and distribution of water beneath the surface control the flow of rivers, 
the levels of lakes, and the locations of swamps. And, finally, sub- 
surface water furnishes the water supply of a large proportion of the 
world’s population. 

Source, Distribution, and Movement 

Source and Distribution. Most of the water below ground is merely 
rain and melted snow that has seeped downward from the surface. 
Once it has penetrated into the ground, it follows various courses. 
Part of it finds its way back to the surface as springs or through the 
pores in the mantle or through plants; some of it is held within pore 
spaces in the rocks, and some of it actually becomes a part of the rocks, 
by uniting chemically with them. 

In most regions with moist climate, wells generally yield water at 
slight depths. However, most mines and other holes that penetrate to 
depths of several thousand feet encounter little water at such depths; 
in fact many are dry. Furthermore, at several miles’ depth the pres- 
sure of the overlying rocks is so great that open spaces capable of con- 
taining water probably can not exist (p. 445) . It is likely therefore 
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that the Earth’s crust contains free water only throughout a restricted 
zone near the surface. We say “free water” because at greater depths 
the water present is an integral component of the rocks themselves, 
chemically united to them, and is therefore not available for with- 
drawal. 

Within the zone in wdiich subsurface water occurs, the chief factors 
that control its distribution are climate and the character of the rocks. 
Climate, through precipitation and evaporation, governs the amount of 
water contributed to the ground. Rock character governs the amount 
the rocks will absorb. 

Porosity. The amount of water that rocks can contain depends on 
the open spaces in the rocks. The open space consists of very small 
openings, such as those between the grains of which the rock is com- 
posed, as well as of larger openings such as fissures and caverns. The 
'porosity of a mass of rock (or mantle) is determined by the proportion 
of open space it contains. The porosity of some igneous rocks is less 
than 1 per cent (of the volume of the rock), whereas the porosity of 
some sands and gravels is 25 to 45 per cent. If the sands and gravels 
have become consolidated (p, 260) so that they form sandstones and 
conglomerates, their porosities may be reduced by more than half. 

The ability of a rock body to hold water is increased by the presence 
of fissures and caverns, which add to the open space in a rock hod'y ' 
but are independent of the porosity of the rock itself. Fissures are 
important in making a rock body more permeable, as discussed below. 

Permeability. Permeability is the capacity of rock or mantle to 
permit water to pass through it, and in porous rocks it varies roughly 
as the square of the diameter of the particles of the material. Where, 
as is common, particles of several sizes are present, the smallest rather 
than the largest sizes determine the permeability. Thus gravels and 
sands ordinarily yield the greatest amounts of water, whereas silts and 
clays yield less. The porosities of some clays exceed 50 per cent; yet 
even when saturated these materials are impermeable, because the 
pores are so minute that the water is held by the molecular attraction 
of the clay particles. On the other hand, a compact granular rock 
such as granite, although practically without pore space, is permeable 
if it contains fractures, because water flows easily through the fractures. 

STJBSURFACE WATER IN HOMOGENEOUS PERMEABLE ROCKS 

Water Table Separating Vadose Water from Ground Water. In 
most regions the rocks are saturated with water below a depth that 
depends largely on the perrneability of the rocks,, the amount of rain 
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water that sinks into them, and the topography of the land. In per- 
meable rocks this surface below which the rocks are saturated is the 
water table. The subsurface water that lies below the water table is 



Fig. 77. Ideal diasi'ani showing the relation of the water table to the land surface, the 
movement of the subsurface water (indicated by arrows), and the zones of vadose water 
and ground water. 

For simplicity, the area shown is regarded as underlain by homogeneous permeable 
rock. The ground above the water table is drawn as if it were transparent, to show 
more clearly that the water table is a subdued replica of the land surface. Note that the 
ground water tends to move toward the stream valleys, wdiere part of it emerges. 

ground water; that which lies between the W’^ater table and the Earth’s 
surface is termed vadose water. In the vadose zone the water content 
fluctuates rapidly, and generally the available openings are very in- 
completely filled. 



Fig. 78. Conditions controlling locations of springs and wells in homogeneous per- 
meable rocks or mantle. The water table fluctuates between W (in the wet season) and 
D (in the dry season). Well A, reaching below the dry-season water table, has a continu- 
ous supply. Well B, reaching the water table only during the wet season, goes dry at 
times. S,S, zone of springs whose migration, with the fluctuating water table, causes the 
swamp to contract and expand seasonally. 

The water table is not a “level”; on the contrary it is irregular. 
In moist regions and where the rocks are homogeneous, it is a subdued 
replica of the land surface beneath which it lies (Figs. 77, 78), stand- 
ing relatively high beneath hills and declining toward valleys. The 
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vadose zone is thickest beneath hills and becomes thinner toward A^al- 
leys; in fact in many low places the water table intersects the surface, 
forming springs and merging with streams, swamps, and lakes (Fig. 
79). The water table has gradients analogous to the gradients of 
streams. These gradients ordinarily slope down from points beneath 
hills to points beneath valleys. The gradient in any place is deter- 
mined by the permeability of the rock and the quantity of water sup- 
plied, usually from the rainfall immediately above. Thus in times 
of rain the water table rises and becomes more irregular, whereas in 



Fig. 79. Springs emerging along a contact between permeable .sandi-tonc and under- 
lying impermeable shale. The .springs are fed by water that has percolated down through 
the sandstone, and give rise to small surface streams. 

times of drought it subsides and flattens out. In general, tlie lowest 
position of the water table in any region is closely controlled by the 
vertical position of the largest surface stream, which acts as a kind of 
baselevel for the water table. As streams gradually lower their valleys 
by erosion, the water table of the whole region keeps pace by slowly 
subsiding, until 'in the peneplane it lies scarcely above the level of the 
sea. 

In many dry regions the water table is highest beneath large streams 
flowing from well-watered mountains and is kept high in such regions 
by percolation from the streams themselves. 

Movement of Subsurface Water in Homogeneous Permeable 
Rocks. Subsurface water moves chiefly by percolation. The move- 
ment of the vadose water is for the most part directly downward (Fig. 
77). The ground water (the water below the water table) moves in 
the same direction as the surface runoff, but more slowly, because it 
encounters friction in its passage through the interstices of the rock. 
It moves most rapidly beneath stream channels in sandy and gravelly 
deposits that cover the bedrock floors of many valleys. In gravel the 
subsurface discharge (known as underflow) may be considerable, con- 


122 


PHYSICAL GEOLOGY 


stituting a vast body of slowly percolating water beneath the bed of 
the surface stream. Under favorable conditions, underflow velocity 
may amount to at least several feet per day. 

The continuous contribution to springs, streams, and lakes from this 
great underground reservoir is the cause of the continuous flow of 
streams in moist regions. 

In general, the movement of ground water decreases as depth in- 
creases, because of loss of gradient and diminishing permeability. At 
the greatest depths to which ground water can penetrate, movement 
virtually ceases. 

Simple Springs and Wells. Subsurface water emerges naturally 
at the surface either as unconcentrated seepage, or with a. distinct 
current as a spring. There are many kinds of springs. Two common 
kinds of simple springs are illustrated here. Figure 78 shows the con- 
ditions under which springs and seepages occur along the trace of the 
intersection of the water table with the surface of the ground. Figure 
79 shows a type of spring, localized at the contact of permeable rock 
on impermeable rock. Such a spring might consist of either vadose 
water or ground water. 

A well (A, Fig. 78) excavated below the lowest position of the water 
table is assured of a continuous supply of water, replenishing itself 
automatically as water is drawn out (provided, of course, that amount 
of water and permeability are adequate) . The rate at which water is 
withdrawn, however, has to be adjusted to the permeability of the 
rock, because wells in very permeable rock replenish themselves much 
more rapidly than do wells in rock of low permeability. A well {B 
Fig. 78) that does not reach the water table at all times will intermit- 
tently become dry. 

Wells are an important source of public water supply. In the United 
States alone, about 6500 public waterworks are supplied from wells, 
many of which are simple wells like those described. 

SUBSUKFACB WATER IN HETEROGENEOUS ROCKS 

In areas underlain by two or more kinds of rock of differing per- 
meability, movement of the subsurface water is necessarily more com- 
plex. Of the many possible conditions three principal ones stand out; 
perched water bodies, artesian systems, and fracture systems. 

Perched Water Bodies. If impermeable layers are present, descend- 
ing water is stopped at their upper surfaces. In areas where the water 
table lies well below the surface, an irregularly shaped mass of im- 
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permeable rock in the zone of vadose water may hold an isolated body 
of ground water perched or suspended above the normal ground-water 
zone. The isolated body has its own local water table — a perched water 
table— below which shallow w^ells can obtain water. (TU, Fig. 80) . Con- 
versely, impermeable strata may extend below the regional water table. 
A hole penetrating such a stratum would be dry even after it had 
passed below the general level of the W'ater table in the surrounding 
region. 


Confined Ground Water: Artesian Systems. In a series of inclined 
sedimentary rocks that include a permeable layer such as a sandstone, 



I’lG. 80. Perched water bodies (P, P) caused by irregular impermeable beds (sho-wii by 
daik shading) lying above the main water table (MWT) and yielding water to a shallow 
well {W). A deeper hole {H) ends in impermeable rock and fails to obtain water. 


overlain by an impermeable layer such as a shale, subsurface water 
moves freely in the sandstone but is held immobile in the shale. Free 
hydraulic connection between the ground water in the sandstone and 
the ground water lying above the sandstone is prevented by the im- 
permeable shale except where the sandstone is. cut by the surface of 
the ground. Here, at the outcrop of the sandstone, water enters this 
layer. Its percolation is confined to the sandstone by the overlying 
shale, which forms a ‘h-oof,” and thus there is developed a hydraulic 
gradient distinct from the slope of the water table of unconfined ground 
water. As the shale itself is saturated, the whole system lies below 
the water table. The permeable layer or aquifer may be tapped by 
drilling a hole through the confining impermeable layer. Then the 
hydrostatic pressure of the column of water extending up to the intake 
of the aquifer forces the water up through the hole, to a height equal 
to the vertical distance between intake and outlet, minus a small 
amount owing to friction resulting from percolation through the aquifer. 
If the hydrostatic pressure is sufficient to lift the water in the outlet 
' hole above the water table, the hole is an artesian well (Fig. 81), so 
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called because the first well of this kind was made in the French prov- 
ince of Artois in the twelfth century. Some true artesian wells flow out 
at the surface, but many have to be pumped. Artesian wells can not be 
made simply by boring deeply unless the requisite conditions stated 
above are present. Deep wells bored into rock so as to intersect the 
water table (some of them penetrating far below it) are often called 
artesian wells, but this is an incorrect use of the term; there is no differ- 



Fiq. 81. A aitnple artesian sj'stera. A permeable sandstone laj'or (an aquifer) crops 
out in the hill to the left and absorbs rainfall which descends along the sandstone, sealed 
in beneath a capping layer of impermeable rock. A hole bored down into the aquifer, 
farther down its slope, becomes an artesian well. Near the well, the water table may lie 
in any position above the aquifer. 

ence in principle between wells of this kind and ordinary shallow wells. 

In a sense an artesian system is like an inverted perched water body. 
In the latter, an impermeable mass prevents the descent of downward- 
percolating water. In the artesian system the impermeable mass pre- 
vents the upward movement of water under hydrostatic pressure. 

Dakota Artesian System. One of the most important artesian sys- 
tems in the United States is the Dakota system. The aquifer is the 
Dakota sandstone, with a porosity of 10 to 20 per cent and a high 
permeability. It crops out and absorbs water along the flanks of the 
Rocky Mountains, Big liorn Mountains, and Black Hills, and underlies 
large parts of Kansas, Nebraska, the Dakotas, Wyoming, Montana, 
and Saskatchewan. The first well was drilled into this aquifer in 1882 ; 
since that time more than 15,000 have been drilled. The resulting with- 
drawal of water has seriously reduced the hydrostatic pressure, and the 
yields of all the wells have diminished, and are still declining, indicating 


SUBSURFACE WATER 


125 


that the natural supply of water is still being overdrawn. Some of the 
States concerned have resorted to legislative action to make conserva- 
tion compulsory. This will hasten the arrival of the time when with- 
drawal wiH balance supply. 

Another important system is the Illinois-Wisconsin system. Here 
there are two aquifers, the Potsdam sandstone and the St. Peter sand- 
stone. They crop out in Wisconsin and descend southward, becoming 
gradually less permeable in this direction owing to increase in clay 
content. Velocity of percolation in the aquifers has been calculated 
as about one-third mile per year. The beds of partially indurated sand 
that underlie the Atlantic Coastal Plain from Long Island to Texas 
provide artesian systems of considerable local importance. Brooklyn, 
New York, and neighboring Long Island communities derive large sup- 
plies from such artesian sources. The public water supplies of Mem- 
phis, Tennessee, and Houston, Texas, are furnished by artesian flow 
from sandstone aquifers. 

In some districts wells must be bored very deep before artesian water 
is encountered. In Berlin, St. Louis, and Pittsburgh, for example, the 
necessary depth is about 4000 feet. Along the Atlantic coast, on the 
other hand, most of the artesian wells are only 100 to 300 feet in depth. 
The volume of water developed by some is large; the great 12-inch well 
of St. Augustine, Florida, with a depth of 1400 feet, supplies 10,000,000 
gallons a day. 

Although the largest artesian systems are dependent on beds of sand- 
stone, smaller but none the^ less important supplies of confined water 
are derived from lenses of sand and gravel in fans, glacial deposits, and 
other superficial accumulations. 

Artesian Springs. Artesian systems operate also where the confined 
ground water has a natural outlet (usually along a fissure) instead of 
a well ; the resulting outflows are artesian springs. Such springs have 
more uniform flow and are less affected by droughts than are the springs 
of imconfincd water illustrated in Figs. 79 and 80. The water is gen- 
erally cold, but the water from some deep aquifers, having passed 
through the higher temperatures that prevail at depth (p. 442) , becomes 
heated. This is probably the explanation of such thermal springs as 
those at Hot Springs, Virginia. In some regions the water, while in 
the rocks, dissolves unusually large amounts of mineral matter and 
gives rise to “mineral springs,” as at Saratoga, New York; Hot Springs, 
Arkansas; Carlsbad in Czechoslovakia; Bath in England; Wiesbaden 
in Germany; and Vichy in France. Strictly speaking, all springs are 
mineral springs, because all contain mineral matter in solution, but the 
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term is applied in general to springs that differ markedly from ordinary 
water in the quantity or character of the mineral matter dissolved. 

Thermal springs include both warm and hot springs. The latter, to- 
gether with geysers (intermittently eruptive hot springs), are char- 
acteristic of the last dying phase of volcanism. Ordinarily they occur 
in regions of recently extinct volcanoes such as the Yellowstone Park 
district (Chap. 14). 


Springs and Wells in Fractured Rocks. Nearly all igneous and 
metamorphic rocks have small porosity and permeability, and hence 



Modified after U. S. Geological Survey and 0. F. Tolman. 


Fig. 82. Subsurface water in rock in whicli circulation L confined chiefly to fractures. 
Arrows show directions of circulation. Water table (dashed line) is controlled by depth 
of master valley. Well (W) is fed through fractures. Because fractures pinch out down- 
ward, the best water supply is obtained from moderate rather than great depths. 


the circulation of water in them is restricted largely to cracks. Water 
enters the openings from above and moves down them in the vadose 
zone. In the ground-water zone it is confined, and under hydrostatic 
pressure it moves down or up the joints and fissures, according to local 
conditions (Fig. 82). In places it becomes imprisoned in cracks with 
no outlets ; in others it seeps out at the surf ace. 


As holes put down in rocks of this kind derive appreciable flows of 
water only from fissures, the success of drilling depends largely on 
chance intersection with fissures. One well may furnish an abundant 
yield wjiile another, a few score feet away, may yield only a trickle. 
In general it is unwise to drill deep if a good yield is not forthcoming 
from a moderate depth, because openings of all kinds decrease with 
increasing depth. 

Although the majority of wells producing from fractures in crystal- 
line rocks are of the normal type, some are artesian. Few of the latter, 
however, produce without pumping, and their yields are likely to be 
less than yields from rocks of other kinds. In consequence cities sit- 
uated in areas of igneous and metamorphic rocks usually have to rely 
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on surface water (in many cases artificially constructed reservoirs) for 
their public supplies. New York, the New England cities, Dublin, and 
Vienna are examples. 

Pollution and Sanitation 

The most common source of contamination of water in springs and 
wells is sewage, and the infection most commonly communicated by 



Fig. 83. Contamination, of wells. The shallow dug well A was unwisely located down- 
slope from a cesspool and therefore received contaminated drainage from it. The owner 
then drilled a deeper well at B. This well tapped layers of soluble limestone inclined 
toward it from the direction of the lower cesspool C\ The water dissolved openings in 
the limestone and flowed, unpurified by slow percolation, to where it was drawn out through 
well B. The owner of the two wells will have either to relocate his cesspool or to dig a 
shallow well somewhere near B. 

polluted -water is typhoid. Drainage from cesspools, broken sewers, 
privies, and pigpens percolates readily into the ground and contami- 
nates the subsurface water. Although slow percolation through the 
ground purifies contaminated water, the purification process requires 
percolation through 100 or 200 feet at least, and in many cases very 
much more. Hence shallow wells must be located carefully with regard 
to possible sources of pollution, and even deep wells must be cased or 
otherwise sealed near their heads where there is danger of contaminated 
surface water’s leaking into them (Fig. 83). 

Geologic Woek of Subsurface Water 

SUBSURFACE WATER AS A SOLVENT 

Subsurface water, like surface water, effects hydraulic action, abra- 
sion, solution, transport, and deposition. However, its hydraulic action 
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and abrasion are effective only in the restricted localities where there 
are underground streams (p. 136) . As the chief factor in adding to the 
weight and mobility of mantle on slopes, it is an impoi’tant mechanical 
element in the processes of mass-wasting (Chap, 4) . But the greatest 
work of subsurface water lies in solution, transport of the dissolved sub- 
stances, and deposition by precipitation. So widespread are these ac- 
tivities that the soluble mineral matter in the rocks of the continents is 
being slowly eaten away and delivered to the streams by the subsurface 
water. Containing oxygen, carbon dioxide, and acids acquired during 
its descent below ground, the water is an efficient solvent. It dissolves 
the cementing substances between the grains of resistant sandstone, 
causing. the rock to break down into loose sand. It decomposes the feld- 
spars and iron-bearing minerals in igneous rocks, destroying the inter- 
locking-crystalline texture of the rock and making it crumble away. 
Thus it is the chief factor in the chemical weathering of rocks (Chap. 3) . 

Some of the dissolved matter is reprecipitated below ground, as de- 
tailed in the following discussion. Another part is carried off by 
streams and poured into saline lakes and the sea. By evaporation of 
the lakes it is precipitated as salts of various kinds, but a large part of 
the dissolved matter carried to the sea has remained in solution, mak- 
ing the sea more salty year by year. In certain parts of the sea calcium 
carbonate is precipitated from solution to form beds of limestone (p. 
260). The substances precipitated, whether in the sea, in lakes, or 
below ground, help to build up new rocks which in the course of time 
are dissolved again. 

MINERAL DEPOSITS 

The most important causes of precipitation of mineral matter from 
solution in subsurface water are (1) evaporation, at the surface, in 
caverns, and in minute pores, (2) loss of carbon dioxide, (3) reduction 
of temperature, (4) reduction of pressure, (5) chemical reaction be- 
tween the mineralized water and the rock through which it is passing, 
and (6) action of minute plants (aZgfae). 

Deposits in Pores: Cementation. Percolating water precipitates 
mineral matter in the pores of rocks and mantle, thus reducing the 
porosities of rocks and gradually converting loose and unconsolidated 
sediments into sedimentary rocks (Chap. 12) . Calcite, silica, iron com- 
pounds, and other substances' dissolved from the rocks at and near the 
surface are carried away and precipitated as a cement at lower levels 
and in other regions. 

Deposits in Larger Openings. Open spaces larger than pores are 
very commonly filled with mineral matter precipitated from solution 
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Fio. 84. Geode, resulting from the partial filling of a cavity with crystals of quartz. 
Erosion has removed the inclosing rock (a limestone in southwestern Illinois) , but the 
resistant quartz that lines the cavity has remained. This geode (actual diameters 4^ x 3 
inches) has been broken open to show its interior. 
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in subsurface water, usually below the water table. A cavity filled with 
crystals (such as quartz or calcite), with the crystals pointing inward 
toward the center of the cavity and only partly filling it, is called a 
geode (Fig. 84). Concentric deposits of amorphous silica occur in a 
similar manner. One explanation of such features is that cavities 
formed by solution are filled at a later time, owing to a change in 


physical-chemical conditions, wdth mineral substances precipitated 
from subsurface water. 

Deposits in Caverns. Precipitation by subsurface water is most 
clearly evident in the deposits of calcite in the form of dripstone, with 
which many caverns are ornamented. Dripstone is formed only in 
caverns that are above the water table and are therefore filled with air. 
Vadose water charged with calcium carbonate percolates downward 
from the surface of the ground to the roof of a cavern, where, clinging 
to the ceiling, it forms droplets. It evaporates a little, loses some 
carbon dioxide, and therefore deposits some calcium carbonate. Then, 
as more water is added from above, it falls to the floPr below, where 
more of it evaporates, leaving another minute deposit. As the drops 
slowly succeed each other, long “icicles” of calcite (stalactites) grow 




Replacement. In some places the water dissolves matter already 
present and concurrently deposits an equal volume of another sub- 
stance that it was carrying in solution. In this way a tree trunk buried 
below the water table may become slowly converted into petrified wood 
(Fig. 86) by the dissolving of its woody matter and the simultaneous 
deposition of silica. The fact that such replacements take place vol- 
ume for volume is shown by the amazingly complete preservation of 
the fine texture of the original material. Many ore bodies owe their 
origin to replacement processes (p. 532), 

Concretions. The capacity of subsurface water to dissolve and 
redeposit is well illustrated b-y the formation of certain types of con- 


downward from the roof, while broader accumulations (stalagmites) 
grow upward from the floor. If the process goes on long enough, each 
pair coalesces and forms a column. Dripstone likewise develops in 
irregular sheets on roof and floor, and assumes many fantastic shapes 
curious to the cavern visitor, but all these deposits are formed in this 
way (Fig. 85). 


W. T, Lee, V. S. Geological Survey. 

Fig. So. One of the “rooms” in Carlsbad Cavern, New Mexico, showing dripstone 
deposits. Stalactites are forming at points where water emerges along cracks in the roof, 
broad-based stalagmites are growing upward, and some stalactite-stalagmite pairs have 
grown together to form massive columns. 
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cretions — oddly shaped nodules that occur in sedimentary rocks. These 
forms, gradually built by precipitation around definite nuclei, are de- 
scribed on page 274. 

Spring Deposits. Confined water rising from deep sources contains 
mineral matter in solution, and, emerging as springs (usually thermal), 
it precipitates some of the dissolved substances. Among the factors 
causing precipitation are relief of pressure, evaporation, and the action 



J. P. Iddings, U. S. Qeological Suroey. 


Fig. 86. Tree trunks petrified by replacement while buried in volcanic ash and lava 
flows, in the positions in which they grew. The petrified trunks have since been exposed 
as a result of erosion of the inclosing volcanic material. 

of minute organisms in the water. The substance most commonly de- 
posited by springs is calcium carbonate, because it is the most soluble 
of the common rock-making substances. The physical character of 
the deposit depends chiefly on the rate of deposition. Deposits formed 
by slow evaporation are firm and compact. The dripstones formed in 
caverns are of this type. Calcium carbonate formed by rapid deposi- 
tion from thermal springs, on the other hand, is likely to be porous 
and spongy. This less compact material is travertine. It is precipi- 
tated in mounds and terraces, some of which have picturesque forms. 
The terraces at Mammoth Hot Springs, in Yellowstone Park, arc a well- 
known example. 

Other mineral substances are deposited in the same way. Even silica, 
ordinarily difficult to dissolve, is ..precipitated by some thermal springs, 
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as in Yellowstone Park, fonmng siliceous sinter. Limonite, iron car- 
bonate, sulphur, and gypsum are other substances deposited by springs. 


SOLUTION IN CARBONATE ROCKS 


Limestone (calcium carbonate), dolomite (calcium-magnesium car- 
bonate), and marble (a soluble metamorphic rock of similar composi- 
tion) constitute a group of carbonate rocks that underlie many millions 
of square miles of the Earth’s surface. They are soluble in water 
charged with carbon dioxide (p, 33), and therefore in moist regions 


Fig. 87. Stylolite seam in Indiana limestone. The seam lies parallel with the stratifi- 
cation of the rock. The rock face on which the seam appears has been artificially out. 
Length of seam, 12 inches. 


these rocks are vigorously attacked by subsurface water with striking 
results. 

Stylolites. The importance of solution in destroying carbonate rocks 
under favorable* climatic conditions is shown by stylolites, which con- 
sist of a series of interlocking small columns of rock, intertoothed like 
the bristles of two hair brushes forced together. As the rows of 
columns lie in more or less horizontal belts, they appear on vertical 
faces of rock as zigzag lines {stylolite seams, Fig. 87). The way in 
which stylolites form is not fully understood. They may be the result 
of irregular solution, under pressure, at surfaces that separate two beds 
of soluble rock. Again, they may result from the differential compac- 
tion of the limy sediment during the slow process of its conversion into 
solid rock. General solution in the zone of weathering results in the 
more rapid lowering qf the ground surface on carbonate rocks than on 
adjacent less soluble rocks. Some lowlands in moist regions have 
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been made in this way. Carbonate rocks, however, are less subject to 
reduction by mechanical processes than are many other kinds of rocks. 
In conseciiience, in arid regions, where solution is at a minimum, car- 
bonate rocks form cliffs and mountains that stand out conspicuously 
(p.41). 

Sinks. In compact, vrell-stratificd, and strongly jointed carbonate 
rocks, the avenues of easiest descent for vadose water arc vertical joints 




Fig. 88. Development of a funnel sink in compact, jointed limestone overlain by a thin 
residual mantle of insoluble weathered material covered with sod. The water table lies 
approximately at the base of the block. Length of front of block, 150 feet. 

A, enlargement of a vertical joint by solution. B, irregular widening of the enlarged 
joint chiefly by solution along stratifilcation planes. C, continued enlargement, most 
effective near the surface where the solvent capacity of the descending water is greatest, 
D, collapse of the insoluble mantle, forming a funnel sink. 

and planes of stratification. Those avenues most favorably situated 
with respect to supply from above and free circulation below are read- 
ily enlarged by solution as the descending water passes through them. 
Enlargement is most effective at the surface, where the water moves 
most rapidly and where it is freshly charged with carbon dioxide from 
the atmosphere and from decaying vegetation, and decreases rapidly 
downward. In consequence, the point of intersection of two joints 
near the surface becomes a funnel-shaped depression. As the depres- 
sion wndens, the overlying mat of insoluble mantle and vegetation col- 
lapses into it, and a sink is formed. (Eig. 88) . 
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Probably the majority of sinks are of this (funnel) type, excavated 
above the water table. Not uncommonly they form definite patterns 
on the surface, controlled by the structural planes along which they 
develop. They range in size from 
small openings only a few inches in 
diameter to great depressions hun- 
dreds of feet wide. Many are re- 
markably symmetrical, whereas 
others exhibit irregularities result- 
ing from differences in the composi- 
tion and structure of the rocks. 

Another type of sink forms in 
massive, permeable carbonate rocks 
little affected by definite planes of 
weakness. Under these conditions 
solution is less sharply localized 
and occurs irregularly throughout 
considerable volumes of rock, prob- 
ably both above and below the 
water table. Solution cavities of 
irregular shape are gradually exca- 
vated (Fig. 89) and enlarged. 
Eventually their unsupported roofs 
collapse, forming great depressions 
in the surface. These, like the 
funnel-shaped forms, are termed 
sinks, but differ from them in their 
asymmetry, in the debris of the 
collapsed roofs with which their 
floors are strewn, and in a sagging 
of the beds of rock around their 
rims, testifying further to the fail- 
ure of their roofs. Some sinks of 
this type are very large. One near 
Mammoth Cave, Kentucky, is said 
to have an area of 5 square miles. 
Probably this size has been at- 
tained by the coalescence of a number of adjacent caverns or sinks. 

Sinks excavated below the water table usually contain lakes that 
persist as long as the water table is not lowered below the floors of the 
sinks. Most of the small lakes of northern Florida are of this kind. 



Pig. 89. Development of a sink of ir- 
regular shape through collapse of a cavern 
roof. The water table lies approxi- 
mately at the base of the block. 

A, formation of a small cavern in the 
more soluble strata of a limestone series. 
B, enlargement of the cavern and devel- 
opment of dripstone deposits in the form 
of stalactites and stalagmites. C, col- 
lapse of the cavern roof, forming an irregu- 
lar sink. The debris of the roof litters the 
sink floor. 
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On the other hand, the funnel sinks, having been excavated above the 
water table, drain downward through openings in their floors and there- 
fore are usually dry. The outlets of some, however, are clogged by 
clay, humus, and other insoluble matter w-ashed into them, allowing the 
development of small lakes whose levels are above the water table and 
are independent of it. In some sinks the water leaks away slowly; in 
others the insoluble stopper is suddenly broken through and the lake 
disappears with a rush. 



I. n. Scott. 


Fig. 90. Sink in limestone near Sunken Lake, Presque Isle County, Michigan. 

Caverns. Caverns of many shapes and sizes occur in carbonate 
rocks in all parts of the world. Notable among them are the caverns 
of the limestone districts of Kentucky, Tennessee, and southern In- 
diana, the Shenandoah Valley in Virginia, northern Florida, Cuba, 
Yucatan, parts of the Philippines and Indo-China, the Karst region in 
Yugoslavia, and the Causses of southern France. Although most 
caverns are of small size, there are notable exceptions. The Carlsbad 
Caverns in southeastern New Mexico (Fig. 86) extend down to a depth 
of more than 1300 feet and include one chamber 4000 feet long, 625 
feet wide, and 350 feet high. A single passage in Mammoth Cave, 
Kentucky, is said to be more than 8 miles in length, and individual 
chambers reach heights of 80 feet and widths of 250 feet. Certain 
vertical shafts in the Causses of southern France are more than 300 
feet deep. Some caverns are linked up in connecting networks of gal- 
leries and shafts underlying areas of many square miles. Mammoth 
Cave has 30 miles of continuous passages. 
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The only true underground streams occur in cavern systems. Else- 
where the flow of subsurface water is chiefly by slow percolation 
through the rocks. Some cavern streams have considerable discharge, 
have widened their subterranean conduits somewhat by abrasion, and 
have deposited thin layers of clay on their floors. vSuch mechanical 
erosion and deposition, however, are insignificant in comparison with 
the solution and precipitation that have chiefly fashioned the caverns. 

Some caverns are empty, whereas others are ornamented with drip- 
stone. The latter record a change from conditions favoring solution to 
conditions favoring precipitation. Probably the reason for this change 
is twofold: (1) Some caverns were excavated below the water table, 
and, later, as the water table subsided during dissection of the land, 
they were drained and thereby made ready for replenishment with drip- 
stone by vadose water. (2) Other caverns, however, appear to have 
been excavated above the water table and replenished with dripstone 
shortly afterward, or even while excavation was still in progress, by 
vadose water which was evaporating and losing carbon dioxide during 
the process of dripping. 

Caverns and underground streams in the vadose zone are closely 
related to the regional system of surface streams. ' The underground 
streams, through the medium of the water table, are controlled verti- 
cally by the profiles of the master surface streams, fluctuate with the 
seasons, and gradually dissolve out caverns deeper beneath the surface, 
as the surface streams deepen their valley floors throughout the fluvial 
cycle. 

Many “caves” are merely rock shelters in cliffs. They are generally 
made by differential weathering at the surface and are not true caverns. 
In past times, both rock shelters and caverns often served as refuges 
for primitive man and as the dens of animals now extinct. Because of 
this the bones of men and animals, stone implements, and other objects 
have accumulated in them and have been sealed up beneath deposits 
of calcium carbonate and other substances slowly accumulating on 
their floors. Relics of this kind, especially in certain parts of Europe, 
have revealed much concerning the life and culture of prehistoric times. 

Solution Valleys. The growth of a series of closely spaced sinks 
connected by a subterranean stream channel (Fig. 93) leaves a series 
of unreduced areas between the sinks. Enlargement of the sinks nar- 
row's the areas between them and reduces them to natural bridges, like 
the famous Natural Bridge near Lexington, Virginia, 150 feet high. As 
the bridges are undermined, an open valley is formed. Although they 
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may have a general resemblance to valleys excavated by surface 
streams, these solution valleys are recognized by their highly variable 
width, by their originating (and in some places ending) in steep-walled 
sinks, by natural bridges that may still span them, and by tributary 
valleys left hanging above them through having lost their water to 
subsurface drainage. 

Karst Topography. In some districts, sinks, caverns, and solution 
valleys are so numerous that they combine to form a peculiar topog- 
raphy with many surface' depressions, unsystematic drainage patterns, 
and disappearing streams. This type of landscape has been termed 
karst topography (Fig. 93) because it is strikingly developed in the 
Karst region of Italy and Yugoslavia. It is developed also in such 
other regions as central Tennessee, Kentucky, and southern Indiana, 
northern Florida, Cuba, Yucatan, and the Gausses of southern France 

The Geomorphic Cycle in Carbonate Rocks. The evolution of the 
surface through solvent erosion involves a cycle parallel with the cycle 
of erosion by mass-wasting and surface streams. The following de- 
scription of an ideal cycle is based on the assumption that the effective 
solvent action occurs above the water table. 

Initial Stage. Assume a region underlain by thick horizontal beds 
of compact, strongly jointed limestone resting upon impermeable shale, 
both limestone and shale lying -well above sealevel. The limestone has 
been protected by a thin impermeable capping such as well-cemented 
sandstone, which, however, is now stripped away at two or three points, 
laying bare the limestone surface. The region is drained by surface 
streams, and the water table stands at a considerable depth below the 
surface (Fig. 91). . 

Youth. At those points where jointed limestone is exposed at the 
surface, sinks of the funnel type begin to develop (Fig. 92) . The water 
from them finds its way along a network of joints and stratification 
planes to one of the major valleys, where it reappears at the surface. 

The w^ater draining downward from the funnel sinks finds its way 
along joints, enlarging them by solution into vertical shafts. At some 
levels it moves laterally along stratification planes, enlarging them into 
horizontal galleries. In this way a network of shafts and galleries is 
formed, whose development is limited downward by the water table. 
One by one the surface streams are diverted into this network, forming 
subterranean streams, which widen the galleries somewhat by abrasion. 
The galleries are enlarged into big caverns in the places where solution 
is most rapid, and the roofs of some of the higher caverns collapse. 
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forming irregular sinks. The gradual formation of closely spaced sinks 
leading down into galleries leaves natural bridges, which collapse one 
by one, converting the rows of sinks into solution valleys (Tigs. 92, 93) . 

Maturity. The stage of maturity is reached when subsurface drain- 
age begins to exceed surface drainage and the greater part of the initial 
surface has been destroyed by the growing sinks and solution valleys, 



Pigs. 91-94. An ideal cycle of erosion in soluble rocks. Da.shed line = water table. 

Area shown, about 34 square mile. 

Fig. 91. Initial stage. An area underlain by jointed lime-stone and drained by surface 
streams. 

Fig. 92. Stage of youth. Formation of funnel sinks, leading part of the surface drain- 
age underground. 

Fig. 93. Stage of maturity: karst topography. Formation of caverns and additional 
sinks, some of which coalesce and form solution valleys. The greater part of the drainage 
is now underground. 

Fig. 94. Stage of old age. Most of the limestone has been removed by solution, leaving 
only a few residuals resembling monadnocks. The drainage has worked down to the 
surface of the shale. From this time onward the area will be eroded still further through a 
fluvial cycle. ^ 

forming karst topography. Below the surface the limestone is honey- 
combed with caverns. One after another the streams flowing through 
higher galleries are tapped and led down into lower ones, as the sub- 
terranean streams gradually work down to the water table and merge 
with the ground water. But with the diversion of the streams from the 
highest caverns and galleries, the air in them becomes dry enough to 
permit evaporation of the water dripping from their ceilings, and the 
deposition of dripstone goes forward, encroaching downward level by 
level as successively lower caverns lose their streams. 

Old Age. As the last remnants of the initial surface are dissolved, 
and the caverns partly filled with dripstone are destroyed by successive 
cave-ins, maturity merges imperceptibly into old age. The surface 
is now a wilderness of irregular ridges and mounds separated by sinks 
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(unroofed caverns) and solution valleys, dry with the exception of those 
which reach down to the top of the underlying shale. More caverns 
collapse, sinks continue to enlarge, and bit by bit the surface is reduced 
to the surface of the shale. As the last caverns are unroofed, the debris 
is gradually dissolved and the insoluble residue is washed away by the 
streams which, formerly draining the now vanished caverns, have be- 
come well developed on the surface of the shale (Fig. 94) . The cycle 
approaches its close. The shale beneath the limestone is laid bare over 
much of the region, but here and there isolated monadnocks of lime- 
stone, honeycombed with cavities, remain as witnesses to the nearly 
complete destruction of the thick strata of which they once formed a 
part. 

Cycles of this kind are usually confined to much more restricted areas 
than are fluvial cycles, because they depend on rock composition, and 
therefore are limited to areas of soluble strata controlled by vspecialized 
conditions. Within certain areas, such as parts of Kentucky, Indiana, 
France, Italy, and Yugoslavia, cycles somewhat similar to the one 
described are in progress, although none' of them has yet attained the 
stage of old age. 
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LAKES AND SWAMPS 
Lakes 

In spite of the ceaseless' effort of streams and mass-wasting to grade 
the land to continuous slopes, there arc at work other processes that 
produce natural basins. Many of these basins contain lakes. As in- 
land bodies of standing water, lakes have a large range in size, from the 
smallest pond up to Lake Superior, the world’s largest freshwater lake, 
and the Caspian “Sea,” the largest saline lake. The great majority of 
lakes lie above sealevel; some, including all coastal lagoons, are at 
sealevel; a few, like the Salton “Sea” and the Dead “Sea,” are below 
sealevel. Lakes occur in all parts of the world, but, as a large number 
of them are direct results of glaciation, there are more lakes in high 
latitudes and at high altitudes than elsewhere. 

Basin Making and Basin Destruction. A basin of any kind in the 
surface of the land is a vulnerable thing. No sooner is it formed than 
the agents of gradation, especially streams, start to destroy it. Valleys 
grow headward toward it to breach it; sediments are deposited in it 
to fill it up. Sooner or later every basin is effaced in these ways, and 
basins would be few indeed if new ones were not constantly being made. 
A contest between basin making and basin destruction is always in 
progress on all the lands. 

During their existence, however, lakes are effective in modifying local 
climates by increasing atmospheric moisture and by cooling the air in 
summer and warming it in winter. Lakes of all sizes are very im- 
portant as regulators of stream flow, acting as storage reservoirs and 
minimizing floods in lower regions to which they are tributary. They 
act as settling basins for stream sediments, delaying temporarily the 
erosion of the lands. Most of the streams tributary to Lake Erie are 
well loaded with mud, but the clarity of the water that spills out of the 
lake over Niagara Palls bears testimony to the amount of material that 
is dropped upon the lake floor. 
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ORIGIN OP LAKE BASINS 

Basin-making processes are in progress in many parts of the conti- 
nents, resulting in the formation of new depressions. In moist regions 
these basins catch water and form lakes; in many arid regions, however, 
they remain dry through much of the year. Nearly every major geo- 
logic process makes basins in one w^ay or another. 

Basins Formed by Crustal Movements. Such basins have existed 
at many times during the Earth’s history, and many of them have been 
large. Great lake-bearing depressions caused by fracturing and dis- 
location of the crust (/awZhngr, p. 373) are more common than those 
caused by bending of the rocks. The 4000-mile chain of valleys and 
lakes that includes the River Jordan, the Dead Sea, the upper Nile, 
and the African lakes, such as Tanganyika and Nyassa, was formed by 
the sinking down of narrow blocks of the crust between high steep 
walls. These great “rift valleys” contain more than 30 lakes, several 
of which are notably large and deep. Lake Tanganyikans 5100 feet 
deep, and since its surface is only 2500 feet above sealevel its bottom 
is 2600 feet below. Lake Baykal in north-central Asia, 5600 feet deep, 
the Flatten See in Flungary, the Warner Lakes in Oregon, and some of 
the larger lakes of southern Sweden likewise owe their basins to dis- 
placements of blocks of the crust along fractures. \ 

Slow bending of the crust may create new basins directly. It may 
rejuvenate a stream bjrincreasing its gradient; on the other hand, bend- 
ing against the direction of stream flow may pond the stream. Two 
rivers near the source of the Nile in East Africa have been ponded in 
this way. The Kafu River has been converted into Lake Kyoga whose 
main part is 140 miles long, while the Katonga River has been ponded 
to form Lake Victoria 260 miles long. 

Some structural basins have been formed within human history in 
connection with earthquakes. In 1811 an earthquake shook the lower 
Mississippi Valley, and in western Tennessee the local sinking of the 
ground which accompanied it caused such changes in the surface that 
several new lakes came into existence. 

Basins Formed by Streams. Streams form basins both by erosion 
and by deposition. Shallow lakes {oxbow lakes, p. 102) are left in 
meanders abandoned by; the cutoff process and in abandoned temporary 
channels excavated during times of flood {slough lakes). Some of the 
depressions formed between natural levees and the outer margins of 
floodplains contain lakes suqh as Lake Maurepas above New Orleans. 
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Other basins are formed where tributaries build deposits across the 
valleys of larger streams. In this way Lake Pepin was formed Avhen 
a 20-mile stretch of the Mississippi, 60 miles below St. Paul, Minnesota, 
was dammed by deposits built into it by the tributary Chippewa River. 
In some places this situation is reversed; the main stream aggrades its 
valley floor so rapidly that its tributaries, aggrading less rapidly, arc 
ponded. The several lakes in Spokane Valley in northern Idaho and 
eastern Washington are of this kind. 

Streams, flowing over vertically jointed rocks such as columnar lava 
flows (p. 372) are likely to accomplish more quarrying than abrasion, 
and many small basins are thereby made. Many of the small basins, 
some of them containing lakes, on the Columbia Plateau in eastern 
Washington are of this kind, although a few, such as those of the lakes 
at Dry Falls in the Grand Coulee, are plunge basins (Fig. 41, p. 84) 
excavated at the bases of falls now extinct. 

Basins of Marine Origin. Along many coasts, waves and longshore 
currents are able to build up bars offshore, converting the sheltered 
water back of them into lagoons (p. 237). There are long chains of 
these lagoons along the Atlantic coast of the United States from New 
York to Florida. An area newly uplifted from beneath the sea com- 
monly contains shallow depressions inherited from the sea floor. Some 
of the Florida lakes are believed to be of this kind, among them Lake 
Apopka near Orlando. 

Some lakes are cut-off arms of the sea. The Caspian “Sea” was iso- 
lated from the sea by upwarping of the land. 

Solution Basins. Small lakes occur by the hundreds in sinks in ex- 
tensive limestone regions such as those in Kentucky and Indiana, cen- 
tral Florida, Yucatan, and Yugoslavia (Chap. 7). Ordinarily the sinks 
that contain water are those whose bottoms lie below the W'ater table, 
or wLose outlets are clogged with the insoluble residue left after solution 
of the limestone. 

Glacial Basins. Most existing lakes are the direct result of glaciation 
(Chap. 9) . It is a striking fact that most of the lakes of North America 
and Europe are concentrated within areas recently glaciated. Some of 
these lakes occupy depressions made by glacial erosion (Fig. 95). 
Others occupy parts of valleys blocked by irregular glacial deposits. 
The basins of most of the Great Lakes in North America are believed 
to be former large stream valleys that were deepened by glacial erosion 
and somewhat altered by glacial deposition and broad warping of the 
crust during the glacial ages. 




ALASKAN ABRIAL SURVEY, U. S. NAVY. 

Fig. 93. Lakes occupying basins excavated by glacial erosion. Annette Island, 
Alaska. 


! Wind-formed Basins. Basins of considerable size are known to 

3 have been formed by the wind picking up and blowing away fine 

1 material such as that in beds of clay and shale (p. 202). But, since 

; these basins are excavated only in dry regions, they rarely contain 

; lakes except temporarily after infrequent heavy falls of rain. In some 

i places, the depressions between sand dunes contain shallow ponds and 

s, . . swamps. 

: Volcanic Basins. Lava flows in regions where streams have already 

i cut valleys are likely to make dams across valleys, thus forming lake 

basins. These barriers of lava are eroded with difficulty because they 
il are of resistant rock. Several of the lakes surrounding the volcanic 

, cones of Mount Hood in Oregon and Mount St. Helens in Washington 

arc of this type. 

:i In some volcanic regions there are lakes in the craters themselves. 

;; Crater Lake (Fig. 210) in southwestern Oregon, more than 5 miles in 

f diameter, occupies a large caldera (p. 318) . Although the lake is 2000 
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feet deep, it is without tributary streams, being entirely dependent for 
its maintenance on the fall of rain and show directly into the basin. 

Landslide Basins. Landslides (p. 60) occasionally pile up across 
valleys, damming streams and converting them into lakes. Several 
landslide lakes are known in the region of the Alps and in northeastern 



Fios. 96-98. Stages in the history of a typical lake. Block about 5 miles long. 

Fig. 96. Stream system dammed by gentle upwarp across the upper right-hand corner 
of the block, forming a shallow lake with outlet across the upwarp. The streams begin to 
build deltas into the lake, and the shoreline is somewhat wave eroded. 

Fig. 97. The growing deltas enlarge and coalesce, gradually filling the basin. 

Fig. 98. Downcutting of the outlet eventually drains the lake and allows the streams 
to trench the delta deposits, leaving them as terraces. 

California. A new one was formed at the base of the Gros Ventre 
Range in western Wyoming by a great slide in June, 1925, which 
dammed the Gros Ventre River, making a lake more than 3 miles long. 
For some time the lake discharged by seepage through the landslide 
debris, but its surface rose gradually until in May, 1927, it overtopped 
the slide that dammed it, and the resulting flood cut a channel 300 
feet wide through the dam, carried away boulders 15 to 20 feet in 
diameter, destroyed a village, and drowned a number of people. This 
flood did not destroy the lake; it merely lowered the lake surface by 
about 60 feet. This resulted from the great width of the dam. Because 
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Fig. 99. Fart of the floor of the extinct facial hake Agassiz, seen from the air 
above Fargo, North Dakota. The lake deposits consist of clay and silt, and cover 
an area several times greater than that of Lake Superior. 

of this width the energy of the floodwater that was trenching the dam 
was soon used up in transporting the material eroded from it. Hence 
downcutting ceased, and this reduced the flood to the size of a normal 
stream. 

A somewhat similar slide occurred in a canyon near the headwaters 
of the Ganges, in the Himalayas, in 1893. The debris filled the canyon 
for 2 miles to a depth of 800 feet and ponded the river to form a lake 
3 miles long. Several months later the ponded water, having slowly 
risen to the top of the blockade, overflowed, cutting a channel 400 feet 
deep through it and causing a disastrous flood downstream. 

The Bonneville Dam across the Columbia River east of Portland, 
Oregon, occupies very nearly the site of a landslide dam that ponded 
the river to a depth of 100 feet in the recent past. The remnants of 
the slide, around which the river now detours, are still plainly visible. 

EROSION AND DEPOSITION BY LAKES 

Large lakes are affected by waves of considerable size, and these 
waves and the currents they generate fashion the same kinds of shore 
features that are found on sea coasts (p. 227). In smaller lakes, how- 
ever, deposition is usually predominant over erosion; the smaller and 
shallower the lake and the greater the load of sediment carried by the 


147 


LAKES AND SWAMPS 

streams tributary to it, the more rapidly will it be filled up. Figures 
96-98 show a small lake being progressively filled with sediment, and 
then drained, leaving its deposits to be dissected by streams. Although 
large lakes are less likely to be filled up, deposits may spread over their 
floors, forming very even surfaces (Pig. 99). When such lakes are 
drained, deltas are left high and dry at various points around the mar- 
gins of the basins. 

Lake Geneva and the Rhone. Lake Geneva, in the western Alps, 
typifies an early stage of the filling-up process. At present 40 miles 
long, it was formerly 7 miles longer, but each year the turbid Rhone, 
entering the lake from the east, brings down quantities of sediment from 
the glaciers at its source and dumps this material into the quiet water, 
forming a delta that fills the upper end of the lake from side to side. 
The water is nearly a thousand feet deep, and the delta is correspond- 
ingly thick, but each year its bank-like front creeps farther west, and 
in time it will destroy the lake. While this is going on, the water 
that spills from the surface of the lake at its lower end is eroding its 
channel and lowering the lake outlet. As it passes under the many 
bridges of the city of Geneva, the water is clear. Nearly all the sedi- 
ment from the upper Rhone has been either added to the delta or 
dropped upon the bottom during the slow passage of currents down the 
lake, so that the lake acts as a great settling basin, depriving the lower 
Rhone of tools with which to cut. Although downcutting of the outlet 
is thereby retarded, it can not be stopped. If these processes continue, 
the outlet will be cut lower, and the water level will correspondingly 
drop, until the lake will be destroyed by this. process if it has not already 
been filled up by the encroaching delta. 

Lake Erie and the Niagara. Downcutting of the rim of a large lake 
basin is more forcibly illustrated by Niagara Palls at the outlet of Lake 
Erie. The water at the brink of the falls is excavating its channel in 
beds of dolomite {Pigs. 40, 41) . At the same time the falls is retreating 
upstream at a rate that averages 3.4 feet per year (p. 83) . Retreat 
of the falls is accompanied by decrease in height, beeausc the layers 
of dolomite dip downward as they are traced upstream. Therefore 
if the falls should continue to migrate, up the river to a point opposite 
Buffalo, Lake Erie would be largely drained. Meanwhile, the lake 
is being gradually filled with sediment. 

Density Currents. Water containing suspended mud is slightly 
heavier than clear water. Where a muddy river enters a lake the 
coarser part of its load is deposited on the delta, and the remaining 
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muddy water forms a density cwTent (Fig. 100) that sinks to the 
bottom and flows along it as long as there is a slope. The current has 
distinct boundaries, like a cloud of dust. In fact it has been described 
as “a dust storm under water,” Velocities of density currents vary 
with varying bottom gradients and amounts of mud, but rates as great 
as 2 miles per hour have been measured. In a long lake such a current 
maintains its identity through many scores of miles. Eventually the 
current spreads out and forms a muddy bottom layer from which the 
suspended sediment slowly settles to the lake floor. By the withdrawal, 
through a dam gate, of water from this muddy bottom layer rather than 
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Fig. 100. Turbid underflow in a glass laboratory tank. Flow slides down delta slope 
(left) , travels along gently sloping floor, and rises against face of dam (right) . The velocity 
of most underflows is so small that the current does not climb far up the face of a dam. 

from the clearer upper water, the eventual silting up of an artificial 
reservoir can be postponed, and its effective life thereby prolonged. 

SALINE LAKES 

Most of the lakes in eastern North America and western Europe have 
streams or springs flowing into them, and spillway outlets determined 
by the lowest points in the rims of their basins. Owing to the moist 
atmosphere evaporation takes place slowly, and the continuous inflow 
and outflow not only prevent the lake surface from fluctuating greatly 
but also keep the water fresh. 

In arid and semiarid regions, however, where precipitation is slight 
and evaporation great, many lakes fail to rise high enough to spill out 
of their basins; they rise and fall seasonally, and some dry up and 
disappear for months at a time. The desert basins lying between the 
scattered ranges of Nevada, western Utah, southeastern California, and 
Sonora usually contain water {playa lakes, Figs. 101, 102; p. 113) only 
for short periods after infrequent rains. Wherever evaporation pre- 
vents the water from overflowing the rims of these interior basins, the 
substances dissolved in the water become more concentrated, and, after 
sufficient concentration, they are precipitated as salts of various kinds. 
The dissolved matter is, of course, brought into the lakes by tributary 
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streams, which, in turn, acquired it from subsurface water (p. 128) 
which dissolved it from the rocks largely during the process of chemical 
weathering (p. 32) . The salts present in a lake therefore reflect the 
chemical composition of the rocks wnthin the local drainage system and 
are strikingly different in different lakes. Thus some lakes {salt lakes) 



Figs. 101-102. Ephemeral playa lake in a desert basin. Braun’s Playa, southern Nevada. 

Fig. 101. (Above) The playa filled with water, forming a shallow playa lake. 

Fig. 102. (Below) View two weeks later, showiag the dry lake bed after the water has 
evaporated. The wind is whipping up the fine lake sediments into dust clouds. The dark 
spots are clumps of vegetation. 

when saturated precipitate sodium chloride (common salt). Others 
{hitter lakes) contain sulphates, chiefly sodium sulphate. Still others 
{alkali lakes) contain sodium and potassium carbonates. A small 
group {borax lakes) contain borax and related borate minerals. Some 
lakes contain combinations of these substances. Thus the precipitates 
from Great Salt Lake include both common salt and sodium sulphate. 
Deposits of all these types occur in desert basins that lie in the dry 
country between the Rocky Mountains and the Sierra Nevada. 

In contrast, the substances dissolved in sea water are derived from 
the rocks of all the lands and are therefore mixed and distributed rather 
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uniformly throughout the sea. In consequence, precipitates from sea 
water are distinctive. This fact aids us in distinguishing between lake 
precipitates and marine precipitates that have been buried in the rocks. 

EECORDS OF FORMEE LAKES 

Lakes Bonneville and Lahontan. Great Salt Lake in Utah is the 
small successor to a water body, Lake Bonneville, formerly nearly as 



Fig. 103. Block 376 miles long and 176 miles wide, showing parts of Utah, Nevada, 
and Idaho. Extent of the former Lake BonncvUle, when at its maximum, is shown in 
white. Mountain ranges formed islands and peninsulas in the lake. The outlet through 
which it temporarily overflowed is at the northern end of the former lake. Ruled areas 
are existing lakes; most of the rest of the floor of the former great lake is desert. Discon- 
tinuous abandoned shorelines marking the lake surface at various former levels are shown 
flanking some of the mountam ranges. 


large as Lake Michigan (Fig. 103) . The record of the nearly vanished 
lake is preserved in wave-cut cliffs, wave-built terraces (Fig. 104) , bars, 
beaches, and deltas along the mountain sides as much as a thousand 
feet above the surface of the pre&ent lake. The shorelines of the former 
lake occur in several distinct sets, the two highest of which, traced 
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A. E. Granger, V. S. Geological Survey. 

Fig. 104. Several shorelines of the former Lake Bonneville on a spur of the Wasatch 
Mountains near Salt Lake City, Utah. 
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northward, merge into a broad mountain pass that leads out of the 
basin to the Snake River, draining to the Pacific. This pass was the 
outlet of the lake when its level stood relatively high. The lower sets 
of shorelines, unrelated to outlets, were made at times when evapora- 
tion just balanced inflow as the lake dwindled by stages. Fine sedi- 
ment and salts now cover the floor of the basin. 


Similarly, Pyramid Lake and its neighbors in Nevada are the suc- 
cessors to another great water body, Lake Lahontan, which rivaled in 
size the present Lake Erie, The highest shorelines of Lake Bonneville 
were overridden by valley glaciers descending from the Wasatch Moun- 
tains, whereas lower shorelines, formed during a later stage of the lake, 
partly bury deposits made by the same group of glaciers. These facts 
indicate that the lake had its origin in the glacial ages (p. 189) . Lake 
Lahontan and other former lakes in this region — at least 70 in all — 
also date from the glacial ages. That the climate was then more moist 
than now is obvious; the subsequent desiccation is clear testimony that 
the climate is now drier. 

Salton Sea. A lake of unusual origin and history is the Salton Sea, 
a shallow saline lake in southeastern California near the Mexican border 
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(Fig. 105). It lies in the Salton basin (a part of it known as the Im- 
perial Valley) , a closed depression 85 miles long, whose lowest point is 
273 feet below sealevel. In the recent geologic past the floor of this 
basin sank and would now be filled with sea water but for the fact that 
the Colorado River, turbid with silt, discharging into the Gulf of Cali- 
fornia near what is now the southern end of the Imperial Valley, had 
built up a combined delta and fan so large that they formed an effective 



Fig. 106. The Salton basin. Block 200 miles long, showing the head of the Gulf of 
California, and the Salton Basin separated from it by the combined delta and fan of the 
Colorado River. Sealevel contour in the Salton basin is shown by thick line. Route of 
the flood of 1907 is indicated, 

dam at the head of the gulf. Like all deltas and fans this one was 
trenched by shifting distributary channels of the river, which dis- 
charged water sometimes into the gulf and occasionally into the iso- 
lated basin, filling it with water. When dry, the basin was kept vir- 
tually a desert under the prevailing arid climate. The last natural 
discharge into the basin occurred perhaps 300 to 1000 years ago. By 
1900 the trapped water had dwindled to a small saline lake. By this 
time the fertility of the soil on the river deposits had been recognized, 
the basin area was beginning to be settled, and soon afterward an 
irrigation canal was dug from the Colorado River near Yuma to the 
bottom of the basin. Because the floor of the basin is well below the 
baselevel of the river, the gradient of the canal was greater than the 
gradient of the river between its mouth and the head of the canal. The 
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flow of water into the canal was inadequately controlled by headworks 
designed to be protective. In 1905, 1906, and 1907, the Colorado 
repeatedly rose in flood, overtopped the headworks, poured into the 
canal, and, following the steeper gradient, cut a great trench in some 
places 80 feet deep, swelled the Salton Sea to many times its former 
size and deptli, and flooded the railroad right-of-way for 40 miles. For 
a long time tlie river resisted all efforts at permanent control, but it 
was finally mastered. The railroad tracks were shifted from 200 feet 
to 150 feet below sealevel as a precaution against possible later floods. 
The Salton Sea began to dwindle as soon as the abnormal supply of 
water was cut off, but now the waste water from irrigation keeps the 
level nearly constant. . 

Incidentally, the completion of Hoover Dam and Parker Dam, 
farther up the Colorado, has removed for a long time to come the flood 
hazard along the lower Colorado, because these dams impound part of 
the excess discharge in spring and release it gradually throughout the 
low-water period. A chain of lakes, natural or artificial, along a 
stream’s course thus reduces floods and also furnishes traps for catching 
sediment. In time, however, sedimentation destroys the lakes, sub- 
stituting for them a continuously graded stream profile. It is estimated 
that the lake created by Boulder Dam will become completely filled 
with sediment in 200 to 300 years, unless other settling basins are made 
farther upstream. 

Extinct Lake Florissant. In the South Park of Colorado, in the 
district west of Pikes Peak, a stream is flowing through a valley whose 
sides are made of layers of stratified volcanic ash. These layers were 
deposited in a narrow lake and by related streams, and the ash came 
from a then active volcano not far distant. Sifting down through the 
lake water, this sediment protected and preserved the remains of plants 
and animals that lived in and around the lake. The basin gradually 
filled with ash and lava and was then converted into a stream valley.- 
From the layers of ash now exposed there have been taken great quan- 
tities of fossils, including more than 1000 species of insects, 250 species 
of plants (including numerous trees), and many fishes and birds, all 
representatives of the life of the time during which the lake existed — 
a time that long antedated the glacial ages. The filled-up lake, known 
as Lake Florissant, has thus become a storehouse of great scientific 
value. 

In adjacent regions, particularly in Idaho and Montana, similar 
large former lakes are recorded by their deposits. Volcanic ash is an 
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important constituent of most of these deposits, and the fossils in them 
have furnished much information about the life of former times. 

All the lakes now extinct have been destroyed by draining caused by 
erosion at their outlets, or by filling up of their basins with sediment, 
or by a change to more arid climate. Sooner or later one or more of 
these processes will destroy every lake. It is probable that the past has 
witnessed vast numbers of lakes, all traces of which have been de- 
stroyed. 

The recognition of former lakes throws an important light Upon both 
the climates and the basin-making processes of the past. The examples 
mentioned above show how it is possible to infer a former lake even in 
places -where neither water nor closed basin exists any longer. Shore- 
lines constitute one type of evidence ; another is furnished by deltas 
built at the mouths of tributary streams; still another consists of the 
deposits spread over the floor of the lake basin, grading out and away 
from the deltas as bottomset beds (Fig. 99; p. 89). Ordinarily the 
latter are comparatively fine grained, well sorted according to grain 
size, and parallel bedded (Fig. 181, p. 265) . Deposits in a lake that was 
completely filled with sediment, and thus converted into a fluvial plain 
(Fig. 98), grade from fine-grained sediment at the bottom to coarse- 
grained sediment at the top, because the gradual shoaling of the water 
extended the effect of the stream currents toward the center of the lake. 

Swamps 

Swamps are areas of saturated ground. Most swamps represent a 
stage intermediate between lakes or ponds and dry land. Many lakes 
in humid regions will in time become swamps, and many shallow basins 
alternately contain swamps and lakes according to the season. Swamps 
commonly occur in three types of regions, but these regions by no 
.means exhaust the possibilities. (1) Coastal plains that are former 
sea floors slightly uplifted. Such swamps are distinguished from tidal 
marshes (described below) and are almost continuous along the South 
Atlantic and Gulf coasts of the United States, chief among them being 
the Dismal Swamp in Virginia and North Carolina, and the Everglades 
in southern Florida. It may be that some of these swamps occupy the 
sites of former lagoons, uplifted together with the offshore bars by 
which they -vnre shut off from the sea (p. 237) . (2) Floodplains and 
deltas with their basins formed by old channels and by natural levees. 
Such areas include much swamp land. (3) Broad glaciated areas such 
as the greater part of the Great Lakes region of the United States, east- 
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ern Canada, Ireland, and the Baltic plain of northern Germany. These 
regions are dotted with swamps, most of them small. 

After it has been drained, some swamp land has a high agricultural 
value because its high content of humus makes it very fertile. Swamp 
lands in the United States have a combined area greater than the area 
of New England, and with proper draining the swamp land in some 
districts could be reclaimed for agriculture without creating difficulties 
elsewhere. In other regions, too much swamp land has already been 
drained (p, 92) , thereby creating serious problems in excessive floods 
and excessive silting in streams near by. Each district has its own 
special problems, which should be studied thoroughly before the natural 
conditions of water storage and runoff are interfered with. 

Tidal marshes occur only along coasts, in shallow estuaries and 
lagoons that are alternately submerged and laid bare by the tides. 
Their vegetation consists chiefly of certain grasses which grow only 
under such conditions. For this reason the composition of tidal-marsh 
deposits differs markedly from that of freshwater-^swamp material. 

Peat. In moist regions the shores of small lakes and small protected 
bays of large lakes support an abundance of aquatic vegetation such 
as pond lilies, water weeds, and rushes. As these plants die, their sub- 
stance begins to decay in the water, largely as a result of the activi- 
ties of bacteria. During the metabolism of the bacteria, toxic waste 
products are excreted ; hence when this waste matter reaches a certain 
concentration in the lake water the bacteria can no longer exist, further 
bacterial decomposition is prevented, and the partly decomposed matter 
is preserved. This matter is brownish or blackish, has a high carbon 
content, and is known as peat 

As peat is built up near the shore, newer generations of aquatic plants 
advance toward the center of the lake, and other types of vegetation 
such as mosses encroach over the peaty area that was formerly water. 
In this way the lake, surrounded by concentric belts of different kinds 
of plants, gradually decreases in size until it is obliterated, and a swamp 
or bog floored with a thick accumulation of peat takes its place (Fig. 
106). 

In many countries, especially in Europe, peat is cut from the bogs, 
dried, and used as a domestic fuel. When dried, peat is a dark-brown 
or blackish fibrous substance, very light in weight. In America, peat 
has hitherto been little used because of an abundance of coal and wood. 
Nevertheless the peat resources in swamp lands within the United 
States are enormous and constitute a valuable potential source of fuel 
for the future. 
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Peat is of special interest to the geologist in that it represents the 
first stage in the transformation of vegetable matter into coal (Chaii. 
21). A complete gradation can be traced from peat through lignite, 
bituminous (''soft”) coal, and anthracite ("hard”) coal. If the peat 
bogs of today were left untouched, some of them would in the course of 
time be covered with sediment, the remaining necessary changes would 



Fio. 106. Destruction of a small lake by filling with peat. Vegetation growing from 
the shores toward the center of the lake is gradually filling it up. The accumulating peat 
(black) is fringed by aquatic vegetation, which in turn is being encroached upon by semi- 
aquatic plants, mosses, and bushes. 

take place, and the result would be the formation of coal interbedded 
with other sedimentary rocks. 
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GLACIERS AND GLACIATION 

Geologic Role of Glaciers. To anyone who has observed with a 
critical eye the Alps, the Sierra Nevada, or the higher ranges of the 
Rocky Mountains, it is obvious that their pinnacled peaks and trough- 
like valleys are unlike those sculptured by streams in lower mountain 
ranges. The trained observer would at once recognize these alpine 
forms as the work of glaciers, even though the glaciers themselves had 
disappeared. A study of the character and behavior of these striking 
and impressive sculptors of the land helps us to understand not only 
the way in which they operate, but also the basis for the universal 
opinion that glaciers have recently extended over vast areas now free 
of ice, altering the landscape, redistributing the mantle, and conspicu- 
ously changing the level of the sea. An inquiry into the geologic effects 
of glaciers also enables us to learn much about the climates of the past. 

Types of Glaciers. We can readily distinguish two chief kinds of 
glaciers, on the basis of their form. Most numerous and most familiar 
are valley glaciers (Figs. 108, 133) which generally flow downward from 
high snowfields through mountain valleys. They are long and narrow, 
like swollen but sluggish streams. Less familiar, because they are now 
mainly confined to high latitudes, are ice sheets (small ones are often 
called ice caps) (Figs. 107, 111). These are very broad (in some cases 
nearly circular) masses of ice lying on surfaces of low relief. Some 
small ice caps are hardly a mile in diameter; in contrast the vast ice 
sheet on the Antarctic Continent has an area of about 5 million square 
miles. 

Strijctuee, Flow, and Wastage op Glaciers 

Distribution of Snow. Snow is controlled by climate. In the tropics 
it falls only on the highest mountains and plateaus. In middle latitudes 
it falls on lowlands as well, but disappears in summer. Over many 
parts of the cold polar regions it covers wide areas and remains from 
year to year. Snowfields, areas of perennial snow, in which summer 
wastage (melting and evaporation) fails to remove winter snowfall, are 
therefore found only in high latiMes or at high altitudes. The general 
158 
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lower limit of perennial snow in any region is the regional snowline, and 
its general position is determined by climate. It rises from near sea- 
level in Polar regions to altitudes of more than 20,000 feet in dry low- 
latitude regions such as the northern Andes and Tibet. Local differ- 
ences of precipitation and wastage also exert strong effects. If the drier 
side of a mountain happens also to be the side more exposed to sun- 
shine, the snow limit is much higher there than on the moister, more 
shaded side. 

Controlled by ever-changing combinations of climatic factors, the 
regional snowline in any one place shifts slightly from year to year, and 



Fig. 107, Half of a small, nearly circular glacier of the ice-cap type built by snowfall 
on a smooth plateau-like surface. The mass of snow, n6v6, and ice has become thick 
enough to acquire motion, the general directions of which are shown by arrows. The ice 
is free to spread outwai’d in all directions. 

over periods of hundreds or thousands of years the shifts, in some moun- 
tain districts, amount to hundreds and even thousands of feet. Rise or 
descent of the regional snowline is therefore a useful register of slowly 
changing climate in the region where it occurs. 

Conversion of Snow into Ice. When the snowline in any region 
descends, the glaciers in that region expand, and when the snowline 
rises, the glaciers shrink. This is because the glaciers result from the 
piling up and compacting of snow: the more snow, the larger or more 
active the glaciers. Under the influence of moisture and the gentle 
pressure exercised by the weight of new snowfalls, each snowflake is 
consolidated into a little ball of ice, and the resulting mass (neve, pro- 
nounced “nayvay”) has the granular texture that we find in the last 
lingering remnants of any snowdrift. If more snowfalls continue to 
add their weight to the mass, part of the air between the granules is 
squeezed out, and the nev6 gradually becomes compact ice. The ice 
nevertheless betrays its snowflake origin by the fact that it is distinctly 
layered, each layer representing a single snowfall. The planes between 
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some of the layers are sprinkled with films of blown dust, making the 
stratification even more distinct. 

Conversion of Snowfield into Glacier. AYlien the whole mass, con- 
sisting of compact ice at the base, neve in the middle, and fresh snow 
at the top, has been built up to a critical thickness (usually 100 to 150 
feet) that depends partly on the steepness of the slope on wdiich it is 


Fig. 1C8. Snowfield with .small valley glacier, in a broad niche or basin near the crest 
of a mountain range. The ice has become thick enough to flow, but it is free to spread in 
one direction only — down the valley to which the niche is tributary. (Compare Fig. 133.) 
Hence it takes on a tongue-like form. 

In order to reveal a section of the snow and ice, the block has been cut and pulled apart 
around a vertical axis AA. The point x is the same on both halves of the block. The 
arrow indicates the general direction of flow of the ice. 


resting and partly on temperature, it begins to creep gently downhill, 
flowing outward and downward (Figs. 107, 108). The creeping or flow- 
ing mass is a glacier, and, as long as it continues to receive an adequate 
supply of snow, it will continue to flow. 

The snowfield is not distinctly separated from the flowing (glacier) 
ice. Even the ice in the snowfield is in motion, because the particles 
of fallen snow are imperceptibly transferred downward and outward 
into what is definitely the glacier. 

Character and Flow of Glacier Ice. . The flowing movement of the 
glacier is somewhat like that of a viscous fluid like asphalt. Glacier ice. 






BRADFORD WASHBURN. 

Fig. 109. Formation of an iceberg by calving at the terminus of Miles Glacier, 
near Cordova, Alaska, in a lake. A few seconds before the fhotogra-ph was taken 
a large block of ice slid off the 150-foot cliff and started a series of waves. The 
intricately crevassed surface of the glacier has been melted into fantastic shaps. 


however, consists of grains of solid crystalline ice each a fraction of an 
inch (or more) in diameter. As weight is piled upon it, the ice in the 
basal part of the glacier becomes plastic and yields. It is therefore the 
lower part of a glacier that flows; the part near the upper surface, 
having little weight upon it, is nearly or wholly rigid. The rigidity of 
the upper ice is demonstrated by the cracks and crevasses that com- 
monly occur in it. These are superficial features and do not descend 
far into the flowing ice beneath. 

Measurements made on the upper surfaces of valley glaciers indicate 
that their flow differs markedly from place to place within the glacier. 
The velocity of flow along the central axis may be many times that 
along the lateral margins. This is chiefly because friction is less at the 
center than at the sides, as in a stream. 
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Wastage. Wastage is the direct or indirect conversion of ice into 
water or water vapor. It takes place by evaporation, melting, and 
calving. Calving (the breaking off of pieces of ice, usually as icebergs) 
occurs commonly only at the glacier’s terminus and is general only in 
high latitudes (Fig. 109). Evaporation and melting, however, affect 
the entire surface from snowfield to terminus and therefore reduce the 
discharge of ice. Wastage in the snowfield reduces the amount of ice 
transferred to the glacier proper, and wastage of the glacier’s surface 
takes its toll throughout its length, especially in the terminal zone, 
where temperatures are higher than at the glacier’s source. 

Meltwater. The most conspicuous product of wastage is meltwater. 
It forms streams and pools on the upper surfaces of many glaciers in 
their terminal zones; it concentrates into streams along the lateral 
margins of glaciers in valleys; it descends through crevasses and tunnels 
to the bottom of the glacier. Most glaciers have swift streams of melt- 
water flowing away from their lower ends. 

Regimen of Glaciers 

Normal Regimen of a Glacier. The regimen of a mass of snow or 
neve that is too thin to flow is controlled by the interplay of two fac- 
tors: nowm/imcnt by snowfall, which tends to increase the mass, and 
wastage f which tends to diminish it. A preponderance of snowfall over 
wastage through a long enough time will increase the mass until it 
becomes thick enough to flow. At this moment a third factor is intro- 
duced into the regimen: the transfer of ice from one part of the glacier 
to another by flow. The greater the excess of nourishment over wast- 
age, the more rapid the rate of flow. 

Every glacier therefore has in its higher part an area of dominant 
nourishment and in its lower part an area of dominant wastage. The 
ice flows from its higher part toward its lower part, thus making good 
the losses sustained through wastage. This is true regardless of the 
shape, form, or size of the glacier, as can be visualized by inspection of 
Figs. 107 and 108. If both nourishment and wastage remained un- 
changed from year to year, the downstream transfer of ice by flow 
(that is, the discharge, as in a stream) would be uniform, and the regi- 
men of the glacier would be in equilibrium. Actually, however, equi- 
librium is seldom attained ' because both snowfall and wastage vary 
from year to year. 

The regimen described is much like that of a stream of water that 
drains a shallow lake, flows down a mountain valley into a desert, and 
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there disappears by evaporation. In such a stream the three factors 
of rainfall, stream flow, and evaporation are so closely interrelated that 
even a slight change in one factor affects both the others. The larger 
the area of nourishment and the greater the snowfall upon it, the 
greater the discharge of ice through the glacier. Thus a narrow thin 
glacier must flow more rapidly than a wide thick glacier in order to keep 
its discharge adjusted to the amount of snowfall in a given area of 
nourishment. 

For these reasons, no two glaciers are likely to flow at the same rate. 
Furthermore, the rate of flow of any one glacier decreases with decrease 
in temperature (some glaciers are nearly at 0°C.; others are much 
colder) and other conditions, not only from season to season but also 
in some instances from hour to hour. Measurements of flow range 
from a small fraction of an inch per 24-hour period in certain Antarctic 
glaciers (probably the coldest in the world) to many tens of feet. 

Fluctuations of Glaciers and their Causes. Individual glaciers 
watched from year to year are found to become either longer and 
thicker over a period of years or, as happens to be true of most 
glaciers at present, shorter and thinner. These fluctuations are the 
result of the changes in nourishment (dependent chiefly on amount of 
snowfall) and in wastage (dependent chiefly on summer temperatures)'. 
As both snowfall and temperature are basic elements in determining 
climate, it is apparent that similar fluctuation of a large group of 
glaciers over a long period of years indicates a change in the climate. 

It is much easier to measure and record changes in the position of a 
glacier’s terminus than changes in its thickness. Hence measured fluc- 
tuations in the terminus are commonly used as general indicators of 
climatic change. Long records have been kept on some of the more 
readily accessible glaciers in the Alps and in western North America. 
Nearly all the glaciers are shrinking (Fig. 110). For example, on 
Mount Rainier in Washington, Nisqually Glacier, with a present length 
of about 4 miles, was shortened 4131 feet from 1857 to 1944. The 
average annual recession of this glacier’s terminus was thus more than 
47 feet during the 86-year period, though the figures show that after 
1930 the rate of recession increased to nearly four times the average 
rate prior to 1892. 

The neighboring Paradise Glacier on Mount Rainier, and a number 
of other glaciers in western North America, have shrunk to such an 
extent that their terminal parts have become stagnant, lacking further 
flow. This condition may result from such extreme thinning by wastage 




Fig. 110. Nunatak Glacier, Alaska, photographed in 1934, showing position of 
its terminus. The approximate position of its terminus in 1909 is shown for com- 
parison. The Racier was shortened by 6 miles during the 23-year interval, chiefly 
by breaking off piecemeal into Nunatak Fiord. Small icebergs are visible in the 
view. Contrast the ice-smoothed lower slopes of the valleys with the frost-wedged 
upper slopes. Sinuous medial moraine records flow through a sinuous valley. 


V 


that the ice no longer has sufficient thickness to make the basal part 
flow, and the upper more or less rigid zone of fractures and crevasses 
extends right down to the base of the ice. When crevasses cut the 
ice from top to base, masses of ice may thereby become isolated from 
the main body of the glacier. In two glaciers on Mount Shasta, Cali- 
fornia, the gaps between large isolated ice masses and the termini of 
the continuous glaciers were found in 1936 to be 1 mile and 1^2 miles 
respectively. The initial severance of one of them is believed to have 
occurred in 1920. 

The shrinkage of glaciers throughout the world since the middle of 
the nineteenth century is a sound basis for the belief that during the 
past hundred years or so the climates have grown slightly ^^•'armer. 

In contrast to the general shrinkage which most glaciers are now 
undergoing, marked expansions of a few glaciers occasionally occur. 
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Thus in September, 1899, severe earthquakes affected the district of 
Yakutat Bay in Alaska, where there are many glaciers in a nearly 
stagnant condition. By 1906 most of the glaciers were expanding rap- 
idly, but later they returned to their former sluggish flow. The sudden 
expansion appears to have been the result of enormous quantities of 
additional snow avalanched by the earthquakes from the surrounding 
cliffs into the snowfields that fed the glaciers. The augmented flow was 
analogous to a sudden flood in a stream system, brought on by a cloud- 
burst. The 7-year lag, however, is a result of the slight mobility of 
glacier ice as compared with water. 

Tlie recent record of the Black Rapids Glacier, in another part of 
Alaska, is even more striking. During a period of 5 months in 1936- 
1937, flow was so rapid that, in spite of wastage, the terminus advanced 
3 miles— -a daily average of 115 feet, possibly the highest rate on 
record for any glacier. Exceptionally great precipitation occurred in 
this district during the period 1929-1932. It is thought that, after a 
lag of several years, this excess was making itself felt at the terminus. 
The glacier is small in proportion to the snowfield from which it is 
nourished; this helps to explain its unusually rapid flow. 

Genetic Relations of the Glacier Types 

Valley Glaciers. It has been stated (p. 158) that the commonest 
type of glacier is the valley glacier. Flowing from mountain snow- 
fields, these, glaciers take the lowest routes available, following the 
valleys that had been cut by streams before the glaciers came into 
existence (Figs. 109, 110, 124, 133). In the Alps there are more than 
1200 valley glaciers, the greatest of which is nearly 10 miles long. Val- 
ley glaciers lie high in the other ranges of Eurasia — ^the Pyrenees, the 
Carpathians, the high mountains of Norway, the Caucasus, and the 
Himalaya, to name only a few. The lofty mountain valleys of the 
Andes and of New Zealand carry many large glaciers, and in the moun- 
tains of the Alaskan coast thousands of valley glaciers, favored by 
great precipitation and cool temperature, reach down to or near the 
level of the sea. The west branch of Hubbard Glacier, Alaska, 75 
miles long, is the longest valley glacier yet reported. Southward 
through British Columbia, Washington, and Oregon, the regional snow- 
line rises, and glaciers become less numerous. Within the United 
States the largest glaciers occur on the high volcanic peaks of the 
Cascade Mountains, of which the most important are Mount Baker, 
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Mount Rainier, and Mount Adams in Washington, Mount Hood in 
Oregon, and Mount Shasta in northern California. Some are present 
also in the Rocky Mountains. 

Ill the Alps there are in addition to the valley glaciers many fields 
of snow, neve, and ice, lacking perceptible motion, and too small in 
size to give rise to actual glaciers. These small fields persist in regions 
that are not quite cold enough or moist enough to nourish full-sized 
valley glaciers. This is true even of high ranges of the Rocky Moun- 
tains in Montana, Wyomingj and Colorado. 

Piedmont Glaciers. Some valley glaciers emerge from mountain 
ranges and spread out upon plains, coalescing to form a continuous 
thick sheet of ice. The greatest of these piedmont glaciers B,Te Mala- 
spina Glacier (with an area of 1500 square miles) and Bering Glacier, 
both in Alaska. They are intermediate in character between valley 
glaciers and ice sheets. 

Ice Sheets. Small ice sheets (or ice caps) are numerous on high- 
latitude plateaus, where they have been formed entirely by the ac- 
cumulation of fallen snow on the plateaus themselves. In addition to 
these, much larger ice sheets exist. One of these is the mighty Green- 
land Ice Sheet, a continuous mantle of fice that is not confined by val- 
ley walls, but rises above valleys and mountains alike to an altitude of 
more than 10,000 feet. This great glacial blanket has an area of 
more than 637,000 square miles and is thick enough (6200 feet at one 
point near the center) to cover high mountains and plateaus, burying 
them completely. Its form, though imperfectly known, appears to con- 
sist of two or more broad low domes (Fig. Ill), with almost imper- 
ceptible slopes. From the central part of the mass the ice slowly 
creeps toward the coasts, flowing through valleys that transect high 
coastal mountain ranges. Most of these outlet tongues of ice, which 
resemble valley glaciers, end in the sea where they discharge great 
pieces of ice that float away as icebergs. 

The Antarctic Continent is covered by a similar but much larger 
ice sheet having an area of more than 5 million square miles. Partly 
through outlet tongues and partly as broad unbroken sheets its dis- 
charge reaches the sea and forms bergs. 

The surfaces of these two great glaciers are broad monotonous wastes, 
barren of life. The only visible movement upon them is the movement 
of wind-driven snow and particles of ice. Other very large ice sheets 
formerly overran parts of North America and Eurasia, as detailed 
elsewhere in this chapter. 




Modified from Flint, Glacial Geology and the Pleistocene E-poc) 


Fig. 111. Greenland, showing the Ice Sheet and other glaciers in white; ice-free areas 
are dark. Surface form of the Ice Sheet is indicated by generalized contours (altitudes in 
feet above sealevel). Crosses mark high points on the ice-sheet surface. 
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It is very improbable that the present great ice sheets and those of 
former tiziies were built up, like their relatives the small plateau ice 
caps, entirely by snowfall on the areas they covered when at their 
greatest extent. They are believed to have resulted from the gradual 
invasion of their territory by valley glaciers and ice caps flowing from 
higher places, the invading glaciers having coalesced to form a single 
glacial mass. Further snowfall on the coalesced mass built it up so 
thick that it partly or entirely buried the mountains from which the 
invading glaciers had descended. According to this view a large ice 
sheet is somewhat like a large lake formed by the mingling of waters 
from many streams that flow into it from surrounding mountains. The 
lake level rises, submerging an ever-increasing expanse of territory. 
In any case there are no sharp distinctions between valley glaciers, 
piedmont glaciers, and ice sheets. The three types grade into each 
other. . 

Geologic Woek op Gl.-vciers 

By glaciation is meant the alteration of the surface in consequence 
of glacier ice passing over it. It involves both erosion and deposition, 
each of which is described separately below. 

GLACIAL EROSION 

Plucking and Abrasion. It has been said that a glacier is at once a 
plow, a file, and a sled. As a plow it churns up and moves mantle and 
pieces of the bedrock; as a file it rasps away the firm rock in its path, 
smoothly abrading it; as a sled it carries away the plowed-up and 
filed-off debris, plus whatever additional rock fragments may have 
fallen from mountain slopes down on to its upper surface. 

The chief process in glacial erosion is plucking, which can be thought 
of as including all the ways in which debris is picked up and incor- 
porated into the moving ice. Plucking is the plowing process men- 
tioned above and is broadly the equivalent of hydraulic action in 
streams of water (p. 76) . The ice in the base of the glacier drags for- 
ward loose rock fragments on the ground underneath it or freezes 
around pieces of rock, incorporating them into the base of the ice. 
The pressure caused by the weight of the thick moving glacier breaks 
off and quarries out blocks of bedrock, especially from surfaces that 
are unsupported on their lee sides. Such plucking of bedrock is aided 
by frost wedging (Fig. 14, p. 35). Meltwater percolates into joints 
and cracks in the bedrock, freezes, expands, and thereby pries out and 
shoves forward blocks of rock^ 
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Glacial erosion also includes abrasion^ the filing process. Like a 
stream of water, a glacier cannot abrade without tools. But its under 
surface is studded with rock fragments of many sizes, and with these 
as teeth the slowly moving ice bites slowly into the bedrock undei- 
neath, making long scratches and grooves {glacial striations or striae). 

Tlie effects of drastic plucking and abrasion on the surface of the 
bedrock arc conspicuous. In Fig, 112, a glacier has plucked large 


Fig. 112. Grooved and polished surface of bedrock, Middle Fork of Kings River 
Valley, California. The former ice (a valley glacier) flowed from left to right. The 
abraded side (left) differs distinctly from the quarried side (right) . 


blocks from the bedrock. It has filed and polished the parts of the 
rock that it could not remove by plucking, as shown by the striations 
and polish on its surface. From the distribution of the striations and 
the quarried rock surfaces in the picture it is easy to infer that the 
former ice w^as moving from left to right. Figure 113 shows striations 
in greater detail. 

While the bedrock surface is being abraded, the stones in the base 
of the glacier are themselves worn, usually unevenly, because from 
time to time they are forced to turn in their icy matrix. An ideal 
glaciated stone (Fig. 142, A) therefore has several facets, some of 
them bearing striations, the facets meeting each other along somewhat 
rounded edges. 
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In general, glacial erosion is accomplished more through quarrying 
than through abrasion, because it takes less work per unit volume to 
quarry out most kinds of rock than to wear rock down by rubbing. 



K. S. Brown, U. S, Bureau of Reclamation. 


Fig, 113, Glaciated surface of bedrock (basalt), showing grooves and striations, A 
few ice-transported stones lie on the surface. Disintegration by weathering since the 
glacier wasted away is visible in the foreground. Near Grand Coulee Dam, Washington, 

GLACIATED VALLEYS 

Glaciers do not excavate valleys of their own: they remodel valleys 
already formed. Both the valley glaciers that creep downward from 
the snowfields near the crest of a mountain range, and the long tongues 
of ice that are the advance guard of an ice sheet flowing over a moun- 
tainous region, follow the valleys that had been excavated by streams 
before glaciation began. The glaciation of a mountain valley begins 
at its head. 

Valley Heads: Cirques. Valleys that are or have been occupied by 
valley glaciers have steep blunt heads (Figs. 114, 134). These striking 
valley heads, known as cirques (pronounced “serks’O, probably are 
started by the gradual excavation of niches that are occupied from 
year to year by snowbanks a-t the heads of mountain valleys. On sum- 
mer days the melting snow forms water which permeates the rock 
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beneath the snowbanks, especially beneath their margins. At night the 
temperature droiis. and the water freezes and expands, breaking up 
the surface rock. The smaller rock particles are waslied away by 


Sydney Bonnick for Alexander Forbes. 


Fig. 114. View near Eclipse Harbor, northern Labrador, across the Torngat Moun- 
tains, showing bowl-like cirques at the heads of glaciated valleys. Some of the cirques 
still contain snowbanks. 


meltwater during daytime thaws. All this activity very slowly en- 
larges the depressions beneath the snowbanks. The depressions there- 


Fig. 115. Alteration of the cross profile (A) and long profile (B) of a mountain niche, 
to form a cirque. Continuous line = initial profile of the rock surface. Dotted line 
= surface of the snowbank. Broken line = profile of the rock surface after alteration 
by snowbank erosion. 


take on the form of the snowbanks, becoming broader 
ired and deeper (Fig, 115), If a snowbank increases 
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enough to take on naotion and become a small glacier, the resulting 
plucking and abrasion help the meltwater process to enlarge the de- 
pression into a full-fledged cirque. Erosion is so intense in the floor 
of a cirque that many cirque floors are excavated to form rock basins. 
^Yhen, after warming of the climate has melted away the ice and snow, 
these basins are exposed, they fill with water and form small, nearly 



F. E. Matthes, U. S. Geological Survey. 


Fro. 116. Valley abandoned by a valley glacier after the glacier had beveled its spurs, 
smoothed its sides, deepened it, and given it a U-profile. Tenaya Canyon, Yosemite V alley, 
California. 


circular lakes. Cirques are not made by ice sheets, because ice sheets 
overtop the rock surfaces in the regions where they occur. 

In the process by which cirque excavation is begun the reader will 
recognize frost wedging (Fig. 14), This process goes on not only be- 
neath glaciers in regions warm enough to permit subglacial melting, 
but also on exposed bedrock surfaces above the glaciers. Alpine peaks 
owe much of the detail of their jagged form to this process. 

Other Features of Glaciated Valleys. Glacier ice, being far less 
mobile than water, does not conform so readily to the bends and curves 
(Fig. 56) imparted to the' valleys by the streams that originally exca- 
vated them. For this reason it grinds persistently against the spurs 
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that project alternately into the valleys, snubbing their ends and grad- 
ually beveling them into facets. The facets grow larger as the spurs 
grow shorter, until at length the spurs are worn away entirely, leaving 
wide and nearly straight U-troughs through -which glaciers can flow 
with minimum effort (Figs. 116, 119). 

The long profiles of some valleys are greatly altered by glaciation. 
j\Iorc or less smooth stream-valley profiles are remodeled by valley 
glaciers into short treads alternating with steep risers, resembling great 
flights of stairs (Fig. 117). In some places the outer parts of the treads 



After F. E. Mattkes. 


Fig. 117. Long profile and section of part of a glaciated valley showing smoothed 
surfaces of glacial abrasion alternating with steep faces cau.sed bj'- glacial quarrying, im- 
parting to the valley a step-like profile. In this valley the steps are shown to be con- 
trolled by the unequal distribution of joints and other planes of weakness that cut the 
bedrock, although other factors may affect the making of such steps. Dashed line indi- 
cates valley profile prior to glaciation; dotted line indicates profile during an early phase 
of glaciation. 

are cut from rock comparatively free from joints and fissures, whereas 
the bases of the risers are cut into thoroughly jointed and fissured rock. 
This seems to indicate that some of the stairs are made by quarrying 
in the jointed rocks and by abrasion in the places where the joints are 
scarcer. In the latter places the rock surfaces are commonly polished, 
grooved, or striated. Some valleys that have been occupied by vigor- 
ous glaciers contain, in addition to stairs, basins excavated in the 
bedrock. Many of them now contain lakes. Such basins are common 
in many glaciated valleys and are rare in nonglaciated valleys. 
Hanging Tributaries. The grinding away of the spurs in a main 
valley affects the tributary valleys, whose mouths are snubbed back 
at a rate faster than their own streams (or their thin and relatively 
weak glaciers) can deepen them. The tributary valleys can no longer 
enter the main valley at grade but are left hanging above it, so that 
after the ice has disappeared their streams flow out to the edges of 
cliffs dovm which they must cascade in order to join the main. These 
hanging tributary valleys (Fig.' 118) are characteristic of regions sculp- 
tured by glaciers, although somewhat similar hanging tributaries origi- 
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nate in other ways (p. 492), Most hanging tributaries result from 
deepening of their main valleys by valley glaciers. However, some 
have been made by ice sheets that swamped entire valley systems. The 
ice sheets deepened the valleys lying parallel with ice motion, more 
than the transverse valleys, which tended to fill with glacial deposits. 


Geological Survey of Canada. 

Fig. 118. Valley of Taku River, British Columbia. Widening and deepening by a 
valley glacier have converted it into an open trough and have left the tributary valley 
(right) hanging above the floor of the main valley, forcing the tributary stream to cascade 
down a cliff. 


The hanging tributaries of the Finger Lakes valleys in central New 
York are believed to have resulted from ice-sheet glaciation. If the 
cut-away parts of their profiles are restored by projecting them into 
the main valley (Fig. 119) they are commonly found to meet above 
the floor of the latter. This proves that the main valley has been not 
only widened by the ice but deepened as well. The Yosemite Valley in 
California, originally out by a stream, was later deepened as much as 
1500 feet by glaciers that occupied it for a considerable time. 

Fiords. In middle latitudes the features that show a valley has been 
glaciated disappear as the valley is traced downward, and the lower 



GLACIAL TRANSPORT 

Movement of rock waste, by glaciers is more continuous than move- 
ment by streams, because the glaciier’s load does not so readily sink 
to the bottom, requiring to be lifted up again. The rock debris carried 
by ice sheets consists chiefly of material picked up from the ground 
and is concentrated along the undep surfaces of the glaciers. That car- 
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limit of glaciation, the place where the glacier terminated, can there- 
fore be approximated. In high latitudes, however, most valleys, even 
along tlie coasts, have been glaciated throughout their lengths, and are 
now in part fiords. A fiord is a segment of a glaciated trough that is 
partly filled by an arm of the sea (Fig. 110). It is a characteristic 
feature of the coasts of British Columbia and Alaska, Labrador and 
Greenland, Norway, Chile, and parts of New Zealand. The Franz 
Josef Fiord in East Greenland is 100 miles long and 8 miles wide near 


Fig. 119. Block showing alteration of a stream valley by a valley glacier. Roar half 
of block shows stream valley before glaciation. Front half shows valley deepened and 
widened by glaciation, with tributaries left hanging above the main valley. . (Compare 
Figs. 118 and 131-134.) 


its mouth, and in places its floor lies more than half a mile below 
sealevel. Messier Channel in Patagonia, the deepest known fiord, 
reaches a depth of 4250 feet. Such great depths may be due in part 
to regional submergence of the coasts in addition to glacial excavation. 
However, some fiord floors include bedrock basins which, if brought 
above sealevel, would still contain lakes hundreds of feet in depth. 
Such features must have been excavated by powerful glaciation. 

The sculpture of fiords, like the sculpture of other glaciated valleys, 
is not restricted to valley glaciers. Some fiords have been made by 
ice sheets as they flowed over mountains or plateaus cut by deep valleys. 
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rieci by valley glaciers is augmented by sliderock avalanched from 
valley walls and is therefore present also at the sides and on the upper 
surfaces of the glaciers. In both valley glaciers and ice sheets, the 
great bulk of the ice is commonly nearly free of rock debris. Excep- 
tions are the outer margins of some glaciers, where waste becomes con- 
centrated on their upper surfaces as they shrink by thinning (Fig. 126) . 
A glacier can transport with ease large boulders (Fig. 136) that could 
not be moved by a stream of comparable discharge. A glacially trans- 
ported granite boulder near Conway, New Hampshire, measures 90 by 
40 by 38 feet; another, of limestone, in eastern Ohio has a surface area 
of more than one acre. 


GLACIAL DEPOSITS 

Till and Stratified Drift 

All the material in transport by glacier ice, and all the material pre- 
dominantly of glacial origin deposited directly by glaciers or indirectly 
in glacial streams, glacial lakes, and the sea, together constitute glacial 
drift. The name drift dates from a time more than a hundred years 
ago, when it was conjectured that such deposits had been “drifted” to 
their resting places by water. In texture and arrangement, drift varies 
through many gradations between two extremes. One extreme con- 
sists of drift deposited directly by the glacier without having been 
flushed by meltwater. The other extreme consists of drift so thoroughly 
worked over by meltwater that it has become well stratified and is 
actually a deposit made by water. 

Till. Drift deposited directly by the ice consists of pieces of rock 
of many different sizes, usually ranging from large boulders down to 
silt and clay. The pieces are not sorted according to size and weight; 
they lie just as they came out of the glacier ice (Fig. 120) . This kind 
of drift is known as till, a name given it by Scottish peasants long be- 
fore its true origin was understood. Till comes out of the ice in a 
variety of ways. Some of it is merely dumped off the ice terminus. 
Some of it is heaped up, snowplow-fashion, as the ice terminus creeps 
forward. Some of it is slowly let down to the ground from positions 
within or upon the glacier, as the ice beneath it slowly wastes away and 
disappears (Fig. 126) . Probably the great bulk of it is plastered on 
to the ground from the sole of the creeping glacier. Some of the stones 
in the till — ^particularly till of the type last mentioned — ^have glaciated 
shapes approaching the one shown in Fig. 142, a, but the proportion of 
such stones is commonly very .small, 
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Although ideal till consists of a deposit from which not even the 
finest particles were washed out during its accumulation, yet in many 
places the till is more or less washed. This is understandable in view 
of the fact that, at one time or another, meltwater is present in the 
terminal zones of nearly all glaciers and is able, by flushing out the 
finer particles, to modify the initial ice-laid character of the till. 



(Sanborn Partridge. 


Fio. 120. Exposure of till, showing its lack of both size sorting and stratification, and 
the glaciated shapes of some of the stones it contains. (Compare Fig. 121.) Fishell’s 
Brook, St. Georges Bay, Newfoundland. 

Stratified Drift. Much of the drift is partly or wholly stratified, 
indicating that meltwater has partly or thoroughly reworked the rock 
debris carried by the ice (Fig. 121). Stratified drift is complementary 
to till; the more till, the less stratified drift, depending on the amount 
and effectiveness of meltwater in rehandling the drift. Stratified drift 
occurs in immediate contact with the glacier and also is distributed by 
streams of meltwater far beyond the terminus of the glacier itself. 
There it is gradually adulterated by stream deposits of local, non- 
glacial origin, until its identity is lost. The Missouri River carries 
fine drift from glaciers in the Rocky Mountains of Montana, but, when 
deposited along the lower Mississippi, this material would be difficult' 
indeed to separate from the other sediments with which it is mixed. 






FicJ. 121. Stratified drift, Wallingford, Connecticut. (Compare Fig. 120.) The lens- 
like beds are the long sections of stream channels, each of which was filled with sediment 
foreset into them. The currents moved from left to right. 


are delivered by the mass-wasting processes to most nonglacial streams. 

Meltwater streams have a braided pattern (p. 86; Fig. 124). The 
braiding habit results in part from great fluctuations in discharge be- 
tween day and night, and in part from the fact that the streams arc 
already heavily loaded as they emerge from the glacier. 

Types of Drift Based on Surface Form 

Terms such as drift and till refer only to deposits, without regard to 
their surface form. Some glacial deposits, however, including both 
till and stratified drift, are fashioned ipto distinctive forms recognizable 
as landscape features. Some of the best known of these are ground 
moraine, end moraine, outwash plains, drumlins, eskers, and kame 
terraces. 

Ground Moraine. Drift that is widely distributed, ordinarily rela- 
tively thin, consisting chiefly o,f till, and having a gently irregular 
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initial surface form is referred to as ground moraine. The gentle un- 
dulations of its surface, in some places including closed depressions, 
seem to be in part the result of uneven deposition by ice unevenly 
charged with drift. Ground moraine covers the greater part of the 
glaciated region from eastern Ohio west to the Rocky Mountains in 
Montana and is conspicuous likewise in Europe from northern Gcr- 


Charles C. Bradley. 


Fig. 122, Drumlin near Madison, Wisconsin, seen from the air, 


many eastward through European Russia. In these regions the drift 
is thick enough to have obliterated most of the hills and valleys on 
which it rests (Fig. 130). 

Drumlins. The ground moraine in some districts in western New 
York, central Wisconsin, southern New England, Nova Scotia, and the 
British Isles is dotted with scores of smooth hills shaped like the in- 
verted bowls of teaspoons. These are drumlins (Figs. 122, 123) . Most 
of them are made of clayey till, and many of them have cores of bed- 
rock. Ranging up to more than a mile in length and up to 200 feet in 
height, their long axes parallel the i direction of flow of the former 
glacier ice. In the ideal drumlin .the blunt head opposes the ice flow 
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and the narrower tail points with it. Drumlins are perfectly stream- 
lined forms, offering minimum resistance to ice flow. They occur 
chiefly where clay is an abundant constituent of the drift and probably 
owe their origin to a combination of erosion and plastering deposition, 
the latter process gradually shaping their tails, the cohesive property 
of the clay playing an essential part. Most drumlins are formed not 
far back from the terminus of the glacier, where the ice is compara- 
tively thin and where drift is abundant. The chief geologic value of 



Fia. 123, Ilelief model of a group of drumlins near Fond du Lac, Wisconsin. The area 
shown is 4.5 by 4 miles. Vei'tical scale exaggerated, 

drumlins is that they record vigorous ice flow and indicate the direc- 
tion of movement of former glaciers. 

End (Terminal) Moraines. A generally ridge-like accumulation of 
drift, resulting chiefly from deposition by a glacier along its terminal 
margin, is an end (or terminal) moraine. Such an accumulation may 
be made by three processes (p, 176) or by combinations of them: (1) the 
snowplow process in front of an expanding glacier, (2) the plastering 
process beneath the terminal margin of an active glacier, (3) the dump 
process at the margin of a glacier whose terminus is stationary owing 
to temporary equilibrium between flow and wastage. 

The end moraines of valley glaciers (Figs. 124, 125) range from a 
few feet to scores and, exceptionally, hundreds of feet in height. 
Ordinarily their breadths are slight. The length of a fully formed and 
undissected end moraine- is controlled by the width of the containing 
valley. In plan the end moraine is usually convex down-valley, re- 


Fig. 124. Features of a shrinking valley glacier. End moraines Qiark-colored 
arcs') marking successive positions of the margin of a shrinking valley glacier near 
Mount Iliamna, Alaska. Braided streams of meltwater have breached the end 
moraines and are building a great outtvash plain of stratified drift. One melt- 
water stream flows along the lateral margin of the glacier. On the glacier surface 
are crevasses indicating fracture, and sinuous bands of drift (incheding lateral 
moraine at left) indicating flow. The ice has steepened the sides of its valley. 
In the left background ice-abraded rock surfaces, a rock-basin lake, a hanging 
tributary valley, and a cirque are visible. (Contrast the stagnant terminal ^one 
, of a different Racier, Fig. 116 f) 


cording more rapid movement of the center than of the sides of the ice. 

The end moraines of most valley glaciers contain but a small pro- 
portion of the waste removed from cirque and upper valley, much of 
it having been strewn along the valley floor as ground moraine and 
much having been carried off down the valley by meltwater. In many 
steep valleys, indeed, end moraines do not form at all, because the 
drift is sluiced away by water as rapMly as it forms. The fact that 
an end moraine of a vanished valley glacier is incomplete, however, 
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Fig. 125. End moraines Qotu ridges in center') and outwash (smooth -plain on right) 
in the Animas Valley near Animas City, Colorado. The ice margin shrank back 
from right to left, and both moraines and outwash have since been trenched by the 
river. 


does not indicate that it was not once fully formed, as a vigorous stream 
readily breaches it and eventually destroys it. 

End moraines rarely form along the entire margin of an ice sheet 
because the important factors of topography, atmospheric moisture, 
and movement of the ice vary greatly from one sector to another. 
Some of the ridges left at the margin of the ice sheet that recently 
covered part of North America are scores of miles long, 100 to 200 
feet high, and 1 to 5 miles wide. Their slopes are gentle, and except 
for their broadly ridged character they have almost the same undula- 
tory surfaces that characterize the ground moraine back of them. 
Their continuity is broken by gaps through which meltwater formerly 
flowed. End moraines of this kind cross the broad region south of Lake 
Erie and Lake Michigan in great festoon-like belts trending generally 
east-west. Each of these , belts marks an interruption, probably cli- 
matic, of the wastage that caused the ice sheet to disappear. The great 
Baltic End Moraine in northern Germany is for many miles not a 
ridge but a trench, becausie, being rich in boulders, it has been thor- 
oughly excavated as. a source of paving blocks and building stone for 
Berlin and other cities in a’ region where rock is very scarce. 
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Superglacial Moraines. Many existing valley glaciers carry long 
]-i(:lges of drift on their lateral margins. Built in part by avalanching 
from valley sides, these are termed lateral moraines (Fig. 124) . The 
merging of two lateral moraines beyond the point at which two valley 
glaciers coalesce to form a larger glacier produces a medial moraine 


Alaskan Aerial Survey, XJ. S, Navy. 

Fig. 126. Blanket of superficial drift covering the surface of the stagnant and wasting 
terminal zone of the Fairweather Glacier, in the Juneau region, Alaska. Most of the drift 
was contained in the ice and is accumulated on the surface as the ice melts. Kettles and 
drift knolls are forming on the surface. The underlying ice, streaked with drift, is visiVjle 
in the cliff in the foreground. The active part of the glacier, upstream from the terminal 
zone, is seen in the distance as nearly clean ice, flowing toward the observer. The moun- 
tain is Mt. Fairweather (15,300 feet). 


(Fig. 110). Lateral moraines often survive the glaciers by which they 
were built, but medial moraines rarely do so, because their contents 
are spread out during the shrinkage and disappearance of the ice and 
are lost among the debris accumulating on the surface as wastage thins 
the glacier (Figs. 126, 127) . 

Forms Built of Stratified Drift. Outwash. A great accumulation 
of stream-deposited drift in the region beyond the ice terminus is out- 
wash (Fig. 124). Choked with drift, the rneltwater streams aggrade 
their beds and shift their braided channels, building up deposits of 
sediment that may reach thicknesses of hundreds of feet, their chan- 
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Fig. 127., ’Kettles forming in the drift that covers the nearly stagnant terminal 
tone of Chitina Glacier, St. Elias Mountains, Alaska. The area of glacier in 
view exceeds 11 square miles. View down the glacier, fast the terminus to the 
head of the outwash beyond. The small cliffs that inclose the fonds expose glacier 
ice. (Compare Fig. 126 f) 


neled upper surfaces sloping away from the ice with steep stream pro- 
files. The traveler along an active outwash plain has a difficult time 
of it. Because of the braided channel pattern he is nearly always on 
an island, from which he has no choice but to ford a swift cold stream. 
Once across the stream he is only on another island. 

Some outwash plains, traced headward, lead through gaps in a re- 
lated end moraine and merge with the ground moraine on the other 
side. Other outwash masses end headward in steep slopes facing the 
positions vacated by the former glaciers. The heads of such outwash 
masses were built against and upon the terminal margins of glaciers 
which were feebly flowing or entirely stagnant. When the ice wasted 
away, the stream deposits slpmped down, locally reversing their sur- 
face slopes. -Slopes representing the former contact of drift with ice 
are ice-contact, faces (Fig. 128)- 
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Kettles. The ice-contact heads of outwash plains as well as other 
masses of drift accumulated adjacent to a glacier are commonly pitted 
with undrained depressions ranging from a few yards up to a mile or 
more in diameter. The smaller depressions are usually nearly circular; 
the large ones are more likely to be elongate. Many contain lakes or 
swamps. Such features Sive termed kettles (Figs. 127, 129) , and their 
origin is w'ell understood because they are forming today near the 



Fig. 128. Making of a kame terrace. 

A. Segment of a valley occupied by a shrinking tongue of glacier ice. Braided streams 
are flowing along the margins of the glacier and are building up thick deposits of sediment. 
A small lake has formed against one side of the glacier. 

B. When the ice disappeared, the marginal deposits of sediment were left as kame 
terraces. (Contrast the terraces shown in Fig. 327, p. 494.) 

margins of some glaciers. Masses of glacier ice of various sizes, either 
surrounded or completely buried by drift, slowly waste away and cause 
slumping and caving in of the drift. 

Pitted Outwash Plains. Considerable areas in Minnesota, Wisconsin, 
Michigan, New England, and northern Europe, and smaller areas in 
other regions, consist of outwash plains pitted with kettles. The kettles 
range in diametef from a score of feet up to 10 miles or more and are 
so closely spaced in some districts that the plain is merely a network 
of narrow ridges. Such features are convincing evidence of glacier 
ice that became stagnant. The ice was seamed with a network of 
crevasses and superglacial stream channels through which ran melt- 
water, blanketing the ice with stratified drift which ultimately sagged 
and slumped into its present position. 
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Kame Terraces. Some glaciated valleys contain terraces made of 
gravel and sand built up by streams flowing between the side of a 
glacier and the inclosing valley wall. These are kame terraces (Fig. 
128) ; some of them have ice-contact faces. Kame terraces differ both 
in. form and in origin from terraces that have been carved by streams 
from deposits that formerly filled the valley from side to side. Ordi- 
narily the ice-contact faces are very irregular, with bowl-like inden- 


H, T. Nation, British Columbia Bureau of Mines. 


Fig, 129. Kettles in kame terrace, Chilko River valley, Lillooet District, British 
Columbia. 


tations, and finger-like projections that have been called crevasse 
fillings. Near these faces the terrace surfaces contain kettles, and in 
some places isolated knolls of sand and gravel dot the low area beyond 
the terrace faces. 

Terraces having these features indicate that the ice against and upon 
which they w-ere built must have been nearly or quite stagnant. Ter- 
races otherwise similar, but lacking these details, were built along the 
margins of glaciers that probably were actively flowing. 

Eskers. In New England, southern Michigan, and Minnesota, and 
less conspicuously elsewhere in North America, there are winding 
ridges of stream-built stratified drift, which reach lengths of many 
miles and heights up to 60 f6et dr more. The ideal form has steep sides 
and a narrow top. In North America, such features are called eskers 
(Fig. 130) , although the word is, used somewhat differently in other 




Esker resting on ground moraine^ M.orrison County^ T^nnesota. View 
air. The former ice sheet flowed toward the observer. 
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drumlins) and end moraines, which record actively flowing ice during 
their building; (2) pitted outwash plains, some kame terraces, large 
kettles, and eskers, which record stagnant ice during their building; 
(3) nonpitted outwash plains, which, having been built beyond the ice 
terminus, do not fall into either group, although they may be asso- 
ciated with either. 

As a rule, (1) and (2) do not occur in the same district. From this 
we may infer that the physical conditions of former glaciers varied 
from time to time and from place to place. It is likely that the passage 
of the terminal part of a glacier from an active to a stagnant condition 
was brought about by two factors. The first was thinning of the ice by 
decrease in precipitation relative to wastage. The second was increase 
in frictional resistance to glacier flow because of either rough topog- 
raphy beneath the glacier, or a heavy load of drift in the ice, or both. 

The Glacial Ages 

Early in the nineteenth century, naturalists in Switzerland began to 
notice that the boulders and other deposits lying in the ice- free valleys 
of the Alps were identical in shape and arrangement with the deposits 
being made by living glaciers in the ice-filled valleys. They realized 
that the glaciers of the Alps, high and comparatively small then as 
now, had at some former time spread outward and downward, filling 
most of the valleys of Switzerland with ice. Carrying this inference 
still further, Louis Agassiz, a paleontologist, in 1837 announced his 
opinion that former glaciers had covered not only Switzerland but a 
large part of Europe. In publishing this bold idea he paved the way 
for the now universal belief that the climates, of the recent geologic 
past permitted valley glaciers to sculpture many mountain ranges and 
permitted ice sheets to overflow vast areas in North America, northern 
Eurasia, and southern South America. At one time these glaciers to- 


Figs. 131-134. Erosion of mountains by valley glaciers. 

Fig. 131. A mountainous region being eroded by streams. The main valley is flanked 
by interlocking spurs. 

Fig. 132. Evolution of cirques as the oHmate ferows colder and snowfields become 
perennial. The snowfields in the cirques generate small valley glaciers. 

Fig. 133. Coalescence of the small glaciers to form a large ice tongue in the main 
valley, enlargement of the cirques, and frost sculpture of the uplands. 

Fig. 134. Appearance of the mass after further glaciation, followed by complete dis- 
appearance of the glaciers. The vaUeya have been deepened and widened, the inter- 
locking spurs reduced, the tributaries have been left hanging above the main streams, and 
rows of empty cirques, some containing lakes, scallop the uplands, which in turn have 
been converted into knife-edged ridges punctuated by pyramidal peaks, 
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getlier covered more than one-third of the land area of the globe. The 
glacial invasions occurred repeatedly throughout a total span of more 
than a million years, and the cold times are referred to as glacial ages. 

Since the time of these pioneer observations, the work of the vanished 
glaciers has been closely studied. The general results of the study are 
summarized in the following sections. 


Forms Fashioned by Valley Glaciers. Landscapes fashioned by 
valley glaciers in mountains like the Alps are distinct from landscapes 
modeled by ice sheets. Their essential features are shown in Figs. 131- 



Fia. 135. Belknap Mountains near Lake Winnepesaukee, New Hampshire, showing 
profiles smoothed by ice sheets. Area of block, 5x4 miles. Maximum relief, 1800 feet. 
Vertical exaggeration, 2 times. 


134. Figure 131 represents a mountain region sculptured by streams. 
In Fig. 132 the climate has become colder, snowfields have aecumu- 
lated in high protected places, and small glaciers have begun to flow 
out of the snowfields and down the stream valleys. In Fig. 133 the 
glaciers have expanded to the maximum size permitted by the colder 
climate. They have widened and deepened the valleys and have left 
the tributaries hanging above the main valleys. At the same time they 
have beveled off the ends of lateral spurs, thereby straightening tlic 
main valleys. The enlargement of cirques on opposite sides of a ridge 
has reduced the ridge to a knife edge, which is kept sharp by frost 
wedging. Two opposing cirques, back to back, slice through the ridge 
■to form a broad gap, and, where several cirques surround the base of 
a high peak, the peak takes on the shape of a pyramid, such as the 
Matterhorn in the Alps or thfe Grand Teton in Wyoming. 

In Fig. 134 the climate has grown warmer, and the glaciers and snow- 
fields have wasted away, leaving straight U-valleys, hanging tribu- 
taries, cirques, and jagged sharp-crested ridges that contrast sharply 
with the smoother mountains of Fig. 131. Most of the very high moun- 
tains of the world exhibit these feiatures. 
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The Former Great Ice Sheets. The New England-Adirondack re- 
gion, the highlands of Scotland and Ireland, and the interior of British 
Columbia are mountainous and, except for some of the highest peaks, 
have been recently more than once glaciated; yet their landscapes differ 
strikingly from that described in the foregoing account. The crests of 
the ranges (Fig, 135) are not sharp ; there are no knife-edge ridges and 
no pyramid-like peaks. Cirques are very rare, and the few that are 
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Fig. 137. Extmt of glaciation of North America at the maximum of the glacial 
ages. Somewhat generalised, especially in Arctic Canada, on which information 
is very scanty. The boundaries between glacier ice, sea ice, and open sea are con- 
jectural, but are based on modem analogies. Arrows show generalised directions 
of glacier flow. Note relation of Ohio and Missouri rivers to former ice margins. 


long axes of drumlins, and the general trends of eskers. The results 
for North America are shown on the generalized map, Fig. 137. 

By matching the drift with the bedrocks from which it was trans- 
ported, it has been determined that the former glaciers of North 
America consisted of two distinct masses that originated in two differ- 
ent regions. The largest and most conspicuous mass originated in 
northern and eastern North America. It grew into a vast ice sheet 
ijhat spread northward into the Arctic Sea, and southward and west- 


GLACIERS AND GLACIATION 


193 


ward as far as New Jersey, Pennsylvania, the Ohio River, the Missouri 
River, and the east base of the Rocky Mountains. When at its iiiaxi- 
]num, its area probably exceeded 5,000,000 square miles, that of the 
existing Antarctic Ice Sheet. The lesser mass of glacier ice formed in 
the mountains of western North America. It included valley glaciers 
and piedmont glaciers that thickened and coalesced repeatedly, at 
times forming a virtual ice sheet in the region between the Canadian 
Rocky JMountains and the Coast Ranges. This confluent mass of 
glaciers was 1200 miles long and 250 to 400 miles wide. South of it, 
in western United States, there were more than seventy separate areas 
of glaciers, some of them large, occupying the l;,igher mountain ranges. 
Very small glaciers formed even as far south as southeastern New 
Mexico and southern California near Los Angeles. 

In Europe, the principal ice sheet formed in Scandinavia and spread 
south and east as far as England, the Netherlands, central Germany, 
Poland, and southern Russia. Many mountain ranges in both Europe 
and North America supported large valley glaciers, some of which still 
exist, although greatly diminished in size. 

Direct Effects of Former Ice Sheets. The effects of the vanished ice 
sheets are considerable. Throughout a huge area in Canada north of 
the Great Lakes, the weathered mantle was stripped away, and the 
ice bit into the fresh bedrock beneath, so that today it is naked or 
thinly covered' with drift. Many of the thousands of lakes in that 
vast region lie in shallow basins scooped out of the rock by the ice. 

Nearer the terminal zone the drift is more abundant. Although 
most of the material of the drift has not been moved inore than a few 
miles, some of it has traveled many hundreds of miles. This is proved 
by the finding of rocks far distant from their places of origin. Slabs 
of native copper from the great copper lodes of the Keweenaw Peninsula 
in Michigan have been found as far south as Missouri, and boulders 
of an unusual conglomerate containing reddish pebbles of jasper, found 
throughout Ohio, have been traced to outcrops of bedrock on the north 
shore of Georgian Bay in Canada. In eastern Finland, boulders of ice- 
transported copper ore were traced backward along the line of former 
ice flow. This resulted in the discovery in 1910 of Finland’s most im- 
portant copper mine. Several isolated diamonds of good quality have 
been found in glacial deposits in Wisconsin, Michigan, Ohio, and In- 
diana. Their position in the deposits indicated clearly that they had 
been transported and deposited by the ice, but their source is as yet 
unknown. It is inferred to be somewhere in central Canada. 
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The surfaces of New England, eastern New York, and the Scottish 
Highlands are strewn with glacial boulders (Fig, 136). In these regions 
of resistant rocks the former ice sheets found it difficult to grind into 
sand and silt the fragments of bedrock they acquired. From Ohio to 
the Rocky Mountains and throughout northern Germany, however, 
the much softer bedrock was more easily ground up by the ice, and 
therefore in these regions large boulders are rare, those found being 
strays {erratics) from regions of harder rocks far to the north. 

Influence of Former Ice Sheets on Drainage. Many of the streams 
flowing away from the glaciated region w'ere choked wdth glacial sedi- 
ments and built great deposits of outwash in their valleys. Parts of 
these deposits still remain; those made by meltwater, that came from 
the latest of the ice sheets and flowed down the Mississippi valley have 
been traced down to the region of the river’s mouth. Many valleys 
draining toward the expanding glaciers were filled with meltwater as 
the ice blocked their mouths, and in consequence numerous lakes were 
formed. Most of these lakes w'-ere drained when the glaciers shrank 
away, but some of the largest of them, including the present Great 
Lakes, still remain, partly because the flowing ice had scooped out the 
preglacial valley floors and thus formed rock basins, and partly because 
of blockades of drift not yet cleared away. As the ice shrank, it un- 
covered successively lower points in the basin rims and thereby caused 
the lake levels to fall. Even though the ice has disappeared, the lake 
water is still spilling over basin rims in several places, the most notable 
of which is Niagara Falls (pp. 83, 84). The former, higher lake levels 
are still recorded in old shorelines, beaches, lake deposits, and outlet 
channels. 

The Ohio River throughout the greater part of its length is chiefly a 
product of glaciation. Prior to the advance of ice sheets into these 
latitudes, streams in West Virginia and Kentucky drained northwest 
and north across Ohio and Indiana, The ice sheet flowing from the 
Labrador Peninsula blocked the valleys and ponded the streams. The 
rising lakes overflowed westward across the series of divides that lay 
nearest to the glacier margin, and the overflows were held in these 
positions long enough so that they were enabled to cut, along the ice 
margin, a single valley which was followed by the regional drainage 
even after the ice sheet had disappeared (Fig. 137) . This valley is the 
valley of the Ohio River. 

The Missouri River in the Dakotas, had a similar history. Prior to 
the glacial ages the lower Missouri in Missouri and the upper Missouri 
in Montana were independent Streams, An ice sheet flowing southwest 
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from the region west of Hudson Bay blocked the normal easterly drain- 
age of the intervening area and forced it to flow south along the glacier 
margin, thus integrating the two rivers into the single stream of today 
(Fig. 137). 

The great former lakes Bonneville and Lahontan (p. 150) as well as 
scores of smaller lakes that formerly dotted the desert basins of western 
United States were brought into existence by the relatively cool moist 
climates of the glacial ages. 

Effect of Glaciers on the Level of the Sea. Whatever the cause 
of glaciation, w^e have no doubt as to the general effect on the sea 
brought about by the building of glaciers on the lands. Ice sheets are 
built of atmospheric moisture precipitated chiefly in the form of snow. 
All this moisture is derived ultimately by evaporation from the sea. It 
follows that the greater the amount of moisture locked up on land in 
the form of snow and ice, the less water there is left in the sea. Al- 
though the area of the sea outranks that of the land by a ratio of about 
3 to 1, nevertheless it is estimated that the complete wastage of all the 
glacier ice existing today 'would return enough water to the sea to raise 
its level about 100 feet. This would drown vast areas of land, much of 
it densely populated, and would submerge large parts of such cities as 
New York, Boston, London, and Hamburg. But the glaciers formed 
during recent geologic history covered nearly three times as great an 
area as do the glaciers of today. In consequence the level of the sea at 
those former times must have been considerably lower than it is now — 
perhaps by as much as 300 feet. 

Accurate measurements made since 1850 strongly suggest that the 
sealevel is now rising at a rate of about 2.5 inches per century. This 
rise is a direct consequence of the rapid wastage of the world’s glaciers 
(p. 164) that has been in progress during the same period. 

It is evident therefore that glaciation has not only an important 
direct effect in sculpturing the land, but also an important indirect 
effect in shifting the line of attack of the sea upon the land (Chap. 11) 
and thus in influencing erosion both by the sea and by streams. 

Effect of the Weight of Glaciers on the Earth’s Crust. As the ice 
sheets formed and thickened, their weight depressed the Earth’s crust 
beneath them, and as they disappeared the crust recoiled by a slow 
warping movement that is still, in progress at the present time. The 
features on which our knowledge of these movements is based, includ- 
ing marine deposits now above sealevel and shorelines (p. 228) formed 
upon the downwarped crust and later deformed out of their initial hori- 
zontality, are discussed more fully on page 356, 
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Repeated Glacial Ages. The glacial deposits of both North America 
and Europe consist of distinct layers of drift separated from each other 
by thin and very discontinuous deposits made under ice-free conditions. 
This evidence indicates that there were no fewer than four successive 
incursions of ice separated by interglacial times when climates were 
warmer. During at least one of these times the ice may have almost 
wholly disappeared, under a climate somewhat warmer than the pres.- 
ent one, as indicated by fossils contained in the deposits. 

Glaciations in More Remote Geologic History. The slightly 
weathered character of the youngest drift indicates that the latest 
extensive glaciers in North America and Europe wasted away so re- 
cently that the date of their disappearance may be reckoned in mere 
thousands of years. Likewise the condition of the older drifts implies 
that the four successive ages, as a group, date probably from within 
the last million years or more. These deposits, however, are compara- 
tively very recent. Occasionally there are discovered layers of rock, 
scores and even hundreds of millions of years old, that prove to be 
solidified till containing glaciated stones. Because these very ancient 
glacial deposits have been found in many parts of the world and in 
rocks of wholly different ages, we conclude that glaciation has occurred 
at several times during the remote past, separated by very long inter- 
vals during which there may have been no ice at all on the Earth, even 
near the poles. Therefore the study of glacial features is important in 
that it enables us to recognize them in deposits of various dates, and 
thus to add to our knowledge of the changing climates of the past. 

Cause o£ Glacial Climates. The mean temperature that character- 
ized the climates of the glacial ages in middle latitudes was perhaps 



8°C. lower than the mean temperatures now prevailing in these lati- 
tudes, and the interglacial temperatures may have been 2 or 3 degrees 
warmer than now. The cause of these fluctuations of temperature has 
not yet been established. Several explanations have’ been put forward, 
but most of them do not explain all the facts. The explanation that 
seems best to fit the facts now known involves two unrelated factors — 
topography and solar heat. 

Topography. Glaciers are closely related to lofty highlands. The 
last million years, embracing the repeated glacial ages, have consti- 
tuted a time of far higher lands than have characterized the Earth 
throughout most of, its history. This span of time has witnessed the 
culmination, not only of broad elevation of the continents, but of the 
formation and upheaval of man,y new mountain ranges in various parts 
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of the world. Furthermore the geologic evidence shows that the earlier 
glacial times, dating back to remote periods in the history of the Earth, 
were likewise times of high lands and conspicuous mountains. In be- 
tween these times, altitudes w'ere comparatively low and seas were 
widespread. Highlands are favorable to glaciation for various reasons. 
Broad uplifts of the continents increase climatic contrasts, reducing 
temperatures over the lands. The rise of mountain ranges lowers tem- 
peratures at their crests and erects barriers to movements of the atmos- 
phere. The latter effect reduces the atmospheric transmission of heat 
from low latitudes to high, localizes precipitation, and creates clouds 
which reflect solar radiation and thus lower the temperature at the 
Earth’s surface. Thus it appears that without highlands, extensive 
glaciers could scarcely take form. 

Solar Heat. To explain the glacial and interglacial climates some 
factor other than the rise of highlands is required, for there is ample 
evidence that the lands did not rise and sink; they stood generally 
Arm while the climates changed. This looked-for factor may consist of 
fluctuation in the amount of heat emitted by the Sun. Direct measure- 
ment has shown that this amount currently fluctuates, at irregular in- 
tervals, through as much as 3 per cent of its average value. In order 
to create extensive glaciers a larger fluctuation would be required, but 
whether such larger fluctuations have actually taken place is entirely a 
matter of speculation. Astronomic evidence neither confirms nor denies 
them. The best we can say is that, given the highlands, larger fluctua- 
tions in solar radiation apparently could have brought about the glacial 
and interglacial climates that are clearly recorded by the geologic evi- 
dence. 

Once a large glacier is formed, it is to some degree self-extending, 
chiefly through the creation of winds that flow outward beyond it, 
reducing temperatures and paving the way for glacier expansion, but 
also through the Reflection of solar heat by the white surface of the 
ice — a factor by no means negligible. In consequence, comparatively 
small reductions in the present mean annual temperatures of northern 
Europe and North America would be sufficient to create glaciers that 
in time might expand to large size. 

Frozen Ground. In temperate latitudes the moisture in the upper- 
most few inches or few feet of the mantle freezes during the winter, 
cementing the ground into a hard mass which thaws out and loosens 
again in the spring. But in vast areas throughout high latitudes the 
ground is deeply frozen perennially. In some districts the depth of 
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freezing amounts to many hundreds of feet. The summer warmth 
thaws the uppermost few feet of ground, but with the coming of autumn 
the thawed part refreezes. 

Perennially frozen ground occurs in regions where the mean annual 
temperature is several degrees below the freezing point. Its presence 
introduces serious complications into the problems of constructing 
buildings, highways, and railroads, as residents of Alaska, Siberia, and 
other high-latitude lands have learned by sometimes disastrous experi- 
ence. In addition to its practical, engineering interest, frozen ground 
is of interest to the geologist in another way. Repeated superficial 
thawing and refreezing of deeply frozen ground rearranges the constitu- 
ents of the mantle in a recognizable way. The effect of this rearrange- 
ment is seen today in localities in temperate latitudes, proving that the 
mantle in those localities was formerly perennially frozen — ^unquestion- 
ably during the glacial ages. 
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Chapter 10 


EROSION AND DEPOSITION BY WIND 

Moving currents of air have both indirect and direct geologic effects. 
They are of prime importance in controlling weather conditions, in- 
cluding rainfall; and these conditions in turn govern not only weather- 
ing of the rocks but also erosion by streams. Winds also create wa'^ns 
and currents on the sea; thus they bring about marine erosion of 
coasts and also establish a large part of the mechanism by which 
sediments derived from the lands are distributed on the sea floor 
(Chap. 11) . If the atmosphere in motion performed only these indirect 
functions it would be one of the most significant geological agents; but 
its importance is increased greatly by its power directly to erode and 
distribute rock material. 


I 


Wind Erosion 

Erosion by wind is of two distinct kinds. Loose particles of the 
mantle, such as grains of sand and silt, are picked up by moving air 
and carried from one place to another. This process is deflation (from 
Latin de -{■ flare, to blow av/ay). In their motion the wind-driven 
particles strike against each other, against pebbles and boulders on the 
ground, and against exposed bedrock; as a result additional particles 
are worn and chipped from the bedrock and from the individual loose 
pieces. This process, analogous to abrasion by running water (p. 77) , 
is wind abrasion. 

Deflation. In regions that have large or moderate rainfall the re- 
sults of deflation are not conspicuous. Grass and other vegetation pro- 
tect a large part of the mantle, and where no vegetation exists the soil 
particles and sand grains are held together by moisture much of the 
time. In dry weather, however, clouds of dust are raised from streets, 
roads, and plowed fields, and the abundance of fine material trans- 
ported by a hard dry wind is suggested by the quantity swept into 
houses. Along seashores the beach sand dries to some extent at low 
tide, and the wind blows it bit by bit beyond the reach of high tide. 
Storm waves and unusual tides- also carry quantities of the sand to a 
,200 
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high level, where it becomes thoroughly dry and is driven farther in- 
land by onshore winds. The shores of large lakes also are favorable 
localities for wind work; parts of Lake Michigan, for example, are 
bordered by large areas of shifting sand. But the essential combina- 
tion of conditions for effective deflation— abundant fine-grained, dry 
mantle unprotected by vegetation— -exists only rarely and locally 
in lands with humid climates. Kot- only is the ground frequently 


Q. N. Morhig. 


Fiq. 138. A sandetorm sweeping over Khartoum North, Anglo-Egyptian Sudan. Blue 
Nile River in foreground. 


dampened by rain, but also the water table is near the surface, and 
much of the mantle is kept moist by capillary action (Chap. 7). In 
semiarid and arid regions vegetation is scanty, and the upper part of 
the mantle is dry most of the time. As fine particles are detached by 
weathering they are caught up and moved by wdnd; this action ex- 
plains in part the abundance of rock outcrops in dry regions of rough 
topography. Silt and sand carried into lowlands by streams are shifted 
in large quantities by the wind (Fig. 102, p. 149). Even when the 
weather is comparatively quiet, the air, heated by contact with the 
hot ground, rises in whirls and lifts the dust in tall columns which move 
slowly across the plains. On a hot summer afternoon dozens of these 
columns can be seen at the same time in different parts of a wide arid 
basin. During storms the air is: filled, with dust to a great height, and 
a sheet of sand is driven along the ground (Fig. 138) . In the deserts 
of central Asia and Africa sand storms are a great danger to travelers. 
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Large quantities of fine debris driven out of the Sahara by exceptional 
winds fall in the countries of southern Europe, and also in a wide area 
of the sea as evidenced by dustfalls on the decks of ships in the Medi- 
terranean and hundreds of miles off the west coast of Africa. Great 
areas in the Libyan Desert of northern Africa are littered with boulders 
and pebbles that once were scattered through a considerable thickness 
of finer-grained loose material. When the strong winds blew away the 



Fig. 139, Danby Playa, Mohave Desert, California. The lo-w hills are capped with 
a layer of gypsum, which gives the underlying silt some protection from erosion. Pre- 
sumably the caps were once continuous, and all the material that once filled the spaces 
between the buttes has been blown away by wind. (Since the playa is in the lowest part 
of an interior basin, nothing can be carried out by running water.) 


surrounding silt and sand the coarse fragments remained in place, 
except that they settled down slowly as they were undermined, and so 
they have accumulated until they mantle the entire surface. 

The effects of deflation are conspicuous also in some parts of the 
Mohave Desert and other arid regions in southwestern United States. 
Sand storms are common in the basins (p. 116) , and every strong wind 
sweeps clouds of dust from the bare surfaces of playas (Fig. 102, p, 
149) . Remnants of layers that once were continuous over some of the 
playas now form isolated knolls, the heights of which give a minimum 
measure of erosion accomplished by the wind within comparatively 
recent times (Fig. 139). Numerous shallow, undrained depressions in 
arid and semiarid lands clearly have resulted from localized deflation. 
Many gentle slopes above the levels;a| playas are veneered with “desert 
pavements” consisting of pebbles; fitted so closely together and with 
their top surfaces so even that the general effect suggests a mosaic. 
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Such surfaces result from slow removal of the fine material, partly by 
deflation and partly by slope wash, until the pebbles are concentrated 
to form a continuous layer and thus the fine material beneath is pro- 
tected from further erosion. 

No doubt much of the silt blown from a desert lowland is dropped 
in other parts of the same basin or in neighboring basins and later is 
returned by storm waters to the playas. However, the wind carries 
much of the finest material across the mountains and drops it outside 
the region of interior drainage. In this way the Gobi Desert and other 
arid basins of central Asia have lost vast quantities of fine silt, part of 
which has accumulated as a thick cover on the hills and plains of 
northern China (p. 220). It is not possible to estimate the rate at 
which the average surface of an arid region is lowered by deflation, but 
the process appears to be extremely slow in comparison with stream 
erosion in regions of plentiful rainfall. Even in arid lands streams may 
accomplish considerably more erosion than the wind. It should be kept 
in mind, however, that in areas of interior drainage, such as the Great 
Basin, running water can do no more than level the surface in some 
degree by eroding material from higher altitudes and depositing it in 
the basins (p. 115). The only actual lowering of the general surface 
through erosion is accomplished by the wind, which is the one agent 
that can carry material outside the boundaries of the region. 

Extreme aridity is not essential to effective deflation. On the Great 
Plains east of the Rocky Mountains and in similar semiarid districts, 
large quantities of the silt and sand deposited by streams during floods 
are blown from the dry floodplains and channels in times of drought 
when the streams shrink to small trickles or disappear. Not all parts 
of the uplands are protected by grass, and the wind takes its toll where 
dry soil is exposed. Many people in eastern United States were not 
aware of the existence of the “Dust Bowl” until several years of excep- 
tional drought in the Great Plains region-, starting about 1930, resulted 
in dust storms of unusual severity. Such storms have always been 
common in that region; but plowing up of the sod in large areas during 
and after World War I, in response to the large foreign demand for 
wheat, exposed great quantities of loose soil to wind action. Overgraz- 
ing of range lands in the semiarid belt has had a similar effect. During 
the most violent storms, known locally as “black blizzards,” the clouds 
of dust cause almost total darkness at midday. Millions of tons of soil 
are moved in a single storm ; some of it accumulates in local drifts that 
almost bury farm buildings (Fig. 140) , but vast quantities travel hun- 
dreds of miles in the upper air, to sift down over wide areas in the 
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Fig. 140. Wind-blown sediment, chiefly silt, piled up against farm buildings. 
The roof of the nearest building has collapsed under the weight. Tripp County, 
South Dakota. 


Mississippi Valley. Dense haze caused by fine dust from some of the 
worst storms has been noticeable as far east as New England, 

Wind Abrasion. The abrasive effect of wind-blown sand is illus- 
trated by the artificial sandblast, operated with compressed air, which 
is used to clean the begrimed surfaces of stone and brick buildings. 
Along coasts the sand driven by winds abrades so effectively that glafes 
in the window panes of houses has been known to lose its transparency 
during a single storm. In some arid regions wooden telegraph poles 
can not be used because they are cut down by wind-blown sand, and 
in exceptional localities the steel rails of railways have been worn 
thin by the natural sandblast. The effectiveness of wind-blown sand 
as a cutting or abrading agent is explained by the hardness and strength 
of sand grains, most of which are made of quartz. Any grains composed 
of soft minerals like calcite, or of minerals such as feldspar that are 
weakened by cleavage planes, are ground or broken to bits by con- 
tinued wear, and the quartz grains, with some garnet and other less 
common hard minerals, becoiiie concentrated. Thus, paradoxically, 
with continued use the tools of wind abrasion may become more ef- 
fective. , ■ 

The most essential conditions for Wind abrasion on a large scale are 
extreme aridity vfith consequent lack of vegetation, persistent strong 
winds, an abundance of hard Sand grains, and bedrock that is fairly 
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soft or weakly cemented. These conditions .are combined ideally in the 
Libyan Desert, in northern Africa west of the Nile Valley, one of the 
most rainless districts known. For eleven consecutive years the weather 
station at Dakhla reported no rainfall. Except for a few small scat- 
tered oases around springs and wells the country is almost without 
vegetation. Strong winds blow steadily from the northwest, and since 
there are no abrupt mountain ridges the force of the wind is not seri- 
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Fig. 141. A block of dolomite abraded by wind-blown sand. Arrow shows general 
direction of wind. The face F of the block was protected from abrasion by a covering of 
silt and gravel in which the block was partly buried. Note the grooving of the abraded 
face parallel to wind direction (width of block about 6 inches) . 


ously checked. In the northern part of the region there are large out- 
crops of weakly cemented sandstone which disintegrates easily; the 
loose sand thus formed is carried to the south, where the bedrock is 
chiefly limestone and weak sandstone. With such a combination of 
favorable factors, wind abrasion is an important process locally in 
wearing away the surface of the land. Its effects are most evident on 
the limestone, which is soft but firm and compact, and therefore be- 
-comes polished and grooved under the persistent action of the sandblast 
(Fig. 141). Hard objects in the, rock, such as fossils or flint nodules, 
are brought into strong relief as the. surrounding limestone is etched 
away, and outcrops are carved ■, into rugged fantastic forms. Since 
abrasion is most effective near the ground, where most of the coarse 
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sand moves, cliffs tend to be undercut, and slender columns are worn 
at their bases until they topple over. Areas that have unusually weak 
bedrock and others that are most favorably situated for wind attack 
are abraded, and the ground-up material is blown away until large 
undrained depressions are formed. None of these results is produced 
rapidly, however; at best the process is extremely slow, and it is not 
])ossible to judge how much is accomplished directly by abrasion and 
how much by mechanical weathering combined with deflation of the 


Comparison of stones fashioned by different agents of erosion, 
diameter of each stone is about 4 inches. 

a, Glaciated stone from till, New Haven, Connecticut 

b, Wave-worn beach cobble, Branford, Connecticut * 

c, Stream-worn cobble, Snake River, Washington. 

d, Ventifact, Glass Mountains, western Texas, 


loosened particles. Disintegration and abrasion together produce fine 
material which is carried away by the wind. As long as Libya keeps 
its present climate the wind will remain the only important agent of 
erosion. Running water is a negligible factor, as shown by the total 
absence of modern stream channels in most of the region. 

Ventifacts. A conspicuous effect of abrasion in arid regions, and in a 
more limited way along sandy coasts in moist countries, is the polish- 
ing and peculiar shaping of pebbles that have lain for a long time on the 
ground in wind-swept areas. Sand driven by the wind grinds the 
pebbles smooth and slowly cuts upon many of them slightly curved 
facets that intersect along sharp edges (Fig. 142, d). If one side of a 
loose block of rock fronts for a long time toward the prevailing wind it 
finally develops into a facet that slopes upward away from the wind at 
an angle ranging from 30*^ to 60° from the horizontal. If the block be- 
comes undermined so that it topples into a different position another 
facet develops in the same way.' ;Thus the number and the shape of 
facets vary considerably; but a, common form of sandblasted pebble 
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is elongate, with three nearly equal faces that taper toward the ends. 
This form suggests a Brazil nut. Ordinarily the pebbles are made of 
quartz and of other minerals or rocks of superior hardness, and the 
facets have a high polish. To suggest the origin of the polish and the 
peculiar form, a wind-worn pebble is called a ventifact {made by wind ) . 

Ventifacts are valued in geology not for their own sake, but because 
their presence in large numbers in a region where conditions now are 
not suitable for their formation indicates a radical change in the physi- 
cal environment after their development. For example, an ancient 
gravel deposit widely distributed in northwestern Scotland contains 
numerous ventifacts, although the moist climate and consequent abun- 
dant vegetation do not permit any appreciable wind abrasion in that 
region at present. It is not to be assumed, however, that these wind- 
fashioned stones signify arid conditions at the time of their formation. 
Gravels deposited in New England near the end of the last glacial age 
contain abundant ventifacts. New England was barren and subject to 
wind abrasion at that time because the climate was cold and the ground 
was covered with sandy, stony debris released by the wasting glacier 
ice. 

Wind Abrasion in the United States. No part of the United States 
is comparable to Libya as a theater of wind erosion. Even the driest 
portions of Nevada, Arizona, and eastern California have rainfall 
enough for the development of stream channels, and it is clear that 
running water is the dominant agent of erosion and deposition in that 
region. Wind abrasion is conspicuous locally, as on the lower parts of 
the walls of narrow canyons through which sand-laden wind is forced 
with unusual violence (Fig. 143). Polished rock surfaces, usually 
grooved or fluted, are developed in this way. Areas floored with weak 
sandstone and exposed to exceptionally strong winds are abraded irreg- 
ularly to form shallow basins that hold water after rains. The total 
effect of abrasion, however, is not large. If natural sandblasting oper- 
ated widely in that region we should find polished and grooved surfaces 
widely distributed. Instead, most of the outcrops are rough from 
weathering, and many surfaces are dark with desert varnish, a peculiar 
shiny black coating of manganese and iron oxides which forms very 
slowly, partly through the activities of lichens and probably also by 
oxidation of mineral matter deposited when water held in pore spaces 
of the rock makes its way to the, surface and evaporates.^ Effective 

1 Dark, shiny coatings of this kind are hot restricted to arid regions. Excellent 
examples are found even along the Atlantic seaboard. However, the “varnisli” is 
conspicuously displayed in arid lands only.. 
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wind abrasion would prevent this slow accumulation on exposed sur- 
faces and would remove all weathered rock particles from such surfaces. 

Pedestal rocks, which consist of wide caps supported by slender 
columns, are often cited as products of abrasion in the arid Southwest; 
but most of them result from differential weathering (p, 49) . The 
winds help chiefly by removing loosened particles. 


C. E. Erdmann. 


Fig. 143. Cloud of sand raised by a moderate wind, head of Black Canyon, Colorado 
River, southern Nevada. Violent winds sweep sand through such narrow defiles with 
great force, polishing and grooving the lower parts of the rock walls. 


It is concluded, therefore, that the only wind erosion of general im- 
portance in southwestern United States is performed by deflation of 
silt and sand (p. 202). Abrasion is a subordinate process, local in its 
operation. 

Wind Deposits 

Like running water, wind loses its carrying power for various reasons 
and drops its load of debris. Some of the resulting deposits are only 
temporary ; they are partially or wholly destroyed by the next strong 
wind. Other accumulations remain in place until by compaction and 
cementation they become sedimentary rocks (p. 260) . Numerous lay- 
ers of ancient sandstone are interpreted as eolian (wind-laid) deposits. 
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DUNES 

Wind-blown debris, usually sand, accumulates to form loundcd, 
elongate, or irregular hillocks known as dunes. The growth of a dune 
may be started by an obstacle, such as a stone, a bush, or an irregu- 
larity in the surface of the ground, which breaks the force of tlic wind; 
after the resulting heap of sand has grown to appreciable size it acts 
as its own windbreak and causes further deposition. Where sand is 
abundant and winds are strong some dunes grow as high as 100 feet or 
exceptionally, as in northern Africa, in southern Iran, and in the Great 
Dunes National Monument, Colorado, up to 500 or even 700 feet. If 
prevailing winds blow inland across a sandy shore a belt of dunes is 
formed (Tig. 144) ; such a belt, with some exceptionally large dunes, 
exists along the east coast of Lake Michigan, where the westerly winds 
blow across a large supply of beach sand. In arid regions, lack of 
vegetation and dryness of the ground permit the most effective accumu- 
lation of sand grains by the wind and therefore the most extensive 
development of dunes. However, the popular idea that the entire sur- 
face of a desert is mantled with shifting sand is erroneous. Arabia is 
more widely mantled with dune sand than any other large region, and 
yet the sand covers no more than one-third of the total area. About 
one-ninth of the Sahara is covered with drifting sand. Large tracts 
in all deserts are floored either with bedrock or with loose stones. Fine- 
grained material is swept from these areas as fast as it forms; silt and 
clay particles are carried far away, and ordinarily the sand accumu- 
lates on the lower ground, particularly on the lee sides of low ridges 
where the force of the prevailing wind is broken, or at the windward 
bases of high, steep ranges across which the wind can not transport it. 

Even in arid districts the abundance of sand available for dune 
formation varies greatly with the character of the exposed bedrock. 
In southern Nevada large areas in which the bedrock is chiefly lime- 
stone and shale are almost devoid of dunes. The most favorable bed- 
rock is sandstone, which becomes loose sand as it disintegrates. In 
southe n Utah and northern Arizona some thick formations of sand- 
stone supply abundant sand to nourish dunes covering wide areas. 

Forms of Dunes. Local conditions under which dunes are developed 
vary widely, and consequently there is a wide range in shape as well 
as size. A general distinction can be. drawn between dunes resulting 
from fixed obstructions, such as hflls, cliffs, and buildings, and those 
that exist independently of ffxcdl^ Surfabe features. Dunes in the latter 
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class are capable of moving from place to place while retaining their 
characteristic forms. These free-moving dunes are common even under 
moist climatic conditions, wherever the supply of sand is so large that 
nearly all vegetation is either destroyed or prevented from gaining a 
foothold. Plowever, in such regions both moisture and vegetation in- 
terfere to some extent with free movement of sand and thus cause many 
modifications in shapes of dunes. The most ideal forms of dunes, in 
their greatest scale of development, are found in extremely arid lands 
such as Arabia, the Libyan Desert, and southern Peru. 

Free-moving dunes are of two fundamental kinds, with relation to 
the direction of the prevailing wind. These two classes are (1) trans- 
verse dunes and (2) longitudinal dunes. A wind with fairly constant 
direction blowing across an extensive source of loose sand (such as a 
sandy beach, Fig. 144) will build up long, parallel sand ridges that ex- 
tend transverse to the wdnd direction. In cross-section such a dune has 



SPENCE AIR PHOTOS. 

Fig. 144. Sand dunes migrating inland from Pismo Beach, California. View 
looking northwest. Note that the long, fairly regular dune ridges, transverse to 
the wind direction, tend to break up into shorter barchan-like dunes, seen in left 
foreground. (See Fig. 147 
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the form shown in Fig. 145. As the wind scours the windward slope, 
sand grains eroded from this slope are dumped over the crest, perhaps 



Modified from R, A, Bagnold. 


Fig. 145. Generalized section through a transverse dune. Arrow .shows wind direc- 
tion. Broken line indicates that sand eroded from the windward side is added to the lee 
side of the dune. 


with other sand Pewly transported from the general source. Since most 
of this sand falls on the upper part of the lee slope, that slope continues 
to steepen until it reaches the angle of I’cpose, which for dry sand 




Modified from R. A. Bagnold. 

Fig. 146. Development of slip face on a transverse dune. Up to a certain stage in 
growth of dune, wind flows evenly over crest, and surface of dune has a streamlined form, 
as in (a). (Dashed lines, with arrows, represent flow of wind.) Sand grains (represented 
by dots) are moved continuously across surface. As height of dune ‘increases, flow of air 
is hindered on lee side, and eddies are formed there, as shown in (5). Sand then accumu- 
lates back of crest, at s, until slope becomes oversteep (broken line below s), when .sliding 
occurs to a profile of equilibrium (full line below s). With repetitions of this action, the 
entire lee slope becomes a slip face, under control of gravity, as shown by full line below 


ranges up to 34°. Further additfon ; of sand then causes sliding, anc 
as repeated slides occur the profile of the lee face (or slip face) of th( 
dune becomes almost a strsaight ;lme^ with the steepness of slope con- 
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trolled by gravity (Fig. 146). Thus the direction of the wind is clearly 
. indicated by the steepness of the slip face in comparison with the 

gentler windward slope. 

s Transverse dune ridges are unstable, and with increasing distance 

fro]n the source of sand a ridge tends to break up into individual hil- 
locks. The wind continues to sweep sand not only over the crest of 
each hillock, but also along both flanks, building two long, curved tips 
i pointing to leeward (Fig. 147). Such a crescentic dune is called a 

I barchan (bar'kan). The barchan is the simplest, most symmetrical, 

? and probably the commonest form of transverse dune. Any heap of 

sand that is freely exposed to the action of a steady wind will develop 
1; into a barchan. Thus the breaking up of a transverse dune ridge is only 

1, j one method by which an array of barchans may be produced. 

I I Like other transverse dunes, the barchan has a slip face and a gentler 

1 1 windward slope. Therefore the direction of the wind is indicated by 


SHIPPEE-JOHNSON PERUVIAN EXPEDITION. 

Fig. 147. Crescentic sand dunes (barchans') cn the air route near Arequipa, Peru. 
Scale is given by the men, and by the airplane on the lee side of one dune. Note 
that the right (windward) side of each dune has a much gentler slope than the 
t slip face 
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Fig. 148. Gnat longitudinal dunes in southwestern Algeria. Note the transverse 
dune ndges, espcially conspicuous in foreground, which indicate a wind essen- 
tially parallel to main ridges and toward the observer. This direction is indicated 
also hy the orientation of barchans. Main ridges probably are product of this 
prevailing wind combined with recurrent storm winds from upper left of view. 
(^Shadow of airplane wing at right.') 


the contrast in the two faces, and also by the points of the crescent 
{Fig. 147). 

Longitudinal dunes are distinct ridges, more or less regular, elongate 
in the general direction of prevailing wind. Over large areas of the 
African deserts, dunes of this type are remarkably developed, in a 
symmetrical pattern suggesting great windrows in a field of newly raked 
hay, with nearly uniform spacing (Fig. 148) . Although the origin of 
such dunes is not yet fully understood, the evidence now in hand indi- 
cates strongly that two alternating directions of wind, making a con- 
siderable angle with each other, are responsible. Thus in Fig. 149, 
(a) , a wind blowing most of the time ffoin the direction g would form 
a typical barchan. Recurrent storms from the direction s, alternating 
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Spence Air Photns, 

Fig, 150. Longitudinal dunes dev^Oped- locally through, the influence of irregular 
topography. A strong prevailing ■wind .from the upper left sweeps sand through narrow 
passes between high hills made of bedrock. Long, narrow dunes, each tapering to a point 
downwind, result from concentration of ithe wind velocity along narrow lanes, with gradual 
loss of velocity on the lee dide of the hilla. Beyond the points of the longitudinal dunes, 
sand that is swept onward forms groups of small transverse dunes. Superstition Moun- 
tains, Imperial Valley, California. . - . 


B. A. Bagnold, "The Physics of Bloum Sand and Desert Dunes” WiMani Morrow Co., Inc. 


Fig. 149. Possible development of a longitudinal dune by combined action of two 
wind directions. In (a), the prevailing wind p tends to form a simple barchan. A strong 
storm wind s, shown in (6), modifies the form, of the barchan, displacing the crescent- 
point A and starting a new point C. Alternating action of the two wind directions pro- 
duces the successive forms (c) to (e) . Note that the plan of (e) is elongate generally in the 
direction of g, but has a somewhat staggered course. The ridge will also be very irregular 
in height and in many details of form. Compare the actual dune ridges of Fig. 148. 
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with the prevailing whnd g, would bring about the modifications shown 
in (h) through (e). Irregularities of pattern in the main ridges seen 
in Fig. 148 suggest a similar development, with a prevailing wind nearly 
parallel to the main ridges and recurrent storm winds from the left of 
the view. The spacing of the ridges and other features of these great 
longitudinal dunes present challenging problems in aerodynamics. 

Longitudinal dunes of more limited extent are formed where strong 
winds sweep sand through valleys cut into a range of hills or into the 
edge of a plateau. The funneling effect sweeps the sand in a narrow 
liath and deposits it in a nearly, straight ridge that tapers to leeward 
(Fig. 150) . Such dunes in Arizona and in southeastern California reach 
lengths up to 2 or 3 miles. At greater distances the funneling effect dis- 
appears, and sand carried beyond the tips of the straight sand ridges 
tends to form groups of small dunes. 

S'pecial Forms of Dunes. The growth of vegetation on sand-covered 
areas interferes with free movement of the sand and gives rise to many 
nondescript surface forms. At least one distinctive type of dune is 
developed under these conditions. Local absence of the protective vege- 
tation permits the wind to start erosion of a “blowout” and to build the 
resulting sand into a U-sha'ped dune ^ around the borders of the de- 
pression. The general plan of a dune in this class may suggest super- 
ficially the form of a barchan. However, the two kinds of dunes differ 
fundamentally in origin and also in important elements of form. The 
tails or tips of U-shaped dunes point to windward — ^not leeward; and 
on the inside of the curve the slope is much gentler than on the outside 
(Fig. 151). Dunes of this kind occur in local groups in sand-covered 
areas of southwestern Kansas and in parts of the Navajo Indian Reser- 
vation in northern Arizona, Ancient curved dunes in Central Europe, 
now held firmly in place by vegetation, probably had a similar origin 
under harsh climatic conditions during the last glacial age (p. 189) . 

Abrupt irregularities of the ground give rise to complex and turbu- 
lent currents of wdnd, with resultant special forms of dunes that do not 
fit into any simple classification. For example, long, tapering ridges 
of sand are built on the lee sides of steep, narrow buttes; piles of sand 
accumulate against the windward slopes of high ridges; sand blown 
from a plateau surface over a cliff may build up a continuous slope at 
the base of the cliff. Dunes built under other special conditions are too 
numerous for an exhaustive treatment here. 

^ Also called a -paraholic dune. However, the common plan differs considerably 
from a parabola. 
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Migration of Dunes. Unless a dune is fixed in place, by either a 
topographic obstruction or a grot^dh of vegetation, it is a shifting fea- 
ture. If more loose sand is available than the wind can transport, the 
windward as well as the leeward slope of such a dune is built up, and 
the dune grows both in height and in the longitudinal dimension. Com- 
monly, however, the windward slope itself is eroded by the wind, and 
the sand grains from it are moved over the crest, as explained in Figs. 
145 and 146 (p. 211) . By this subtraction of material from one side and 



Fia. 161.^ Typical U-shaped dune, resulting from local wind erosion in deep sand, 
and deposition of the deflated sand around three sides of the resulting depression. Arrow 
shows direction of wind. 

addition to the other the dune moves forward slowly, provided the 
wind direction is fairly constant. In this way dunes formed along a 
shore migrate inland across low country (Fig. 144) , and the movement 
halts only -when grass or other vegetation gains sufficient foothold in 
the sand to hold it in place. In France and some other European coun- 
tries belts of dunes moving from the coast have destroyed farm lands, 
forests, and villages. Along some parts of the Bay of Biscay and of the 
Baltic region the menace of dune migration has been ended by skillful 
planting of trees and shrubs. In the United States also considerable 
damage has been done by drifting sand, particularly near some of the 
Great Lakes and along many parts of the coasts, both East and West. 
It is necessary to build fences and other structures on the windward 
sides of railways and highways ip some dune areas to check the ve- 
locity of the wind and thus cause the sand to be dropped where it will 
do no harm. 

One of the largest belts ofi bopstpl dune sand is along the Bay of 
Biscay in western France; it is about 15,0 miles long and 2.5 to 6 miles 
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wide. From this tract dunes travel inland at varying rates up to more 
than 100 feet per year, across a low swampy area. Numerous villages 
and considerable areas of farm land have been destroyed. At Lege the 
church was taken down at the end of the seventeenth century and built 
2.5 miles farther inland to save it from the encroaching sand; 100 years 
later it had to be rebuilt again, because the sand had reached it once 
more. 


Internal Structure of Dunes. In a dune that is growing on both 
windward and lee sides, successive layers accumulate essentially par- 
allel to the surface slopes. A dune that is actively migrating has layers 



Fig. 162. A woll in dune sand, northern Egypt. The dark portion of the block repre- 
sents bedrock beneath the sand; the broken line shows the position of the water table. 


formed on the lee side only, and these are subject to rapid destruction 

as the dune advances. As shifting winds modify the earlier form, the 

layers are cut across, and their edges may be covered by new layers 

formed in different directions and at different angles. Therefore sand- 

dune deposits are characterized by extremely irregular cross-lamination \ 

{p.271). - ■ ' I 


Economic Value of Dunes. Although dunes generally are destruc- 
tive and barren, in some arid countries they are the only natural reser- 
voirs of fresh water. The sands absorb the scanty rainfall, the water 



table rises in a curve roughly parallel to the surface (Fig. 152) , and at 
favorable localities shallow wells furnish enough water to form oases of 
considerable size; in northern Egypt large groves of palm trees are 
supported in this way. In some parts of western Texas, ranches get 
water from shallow wells put down at the very summits of large dunes. 

Ancient Dunes. Over a wide area between Albany, New York, and 
the Adirondack Mountains there are numerous knolls that have the 
forms of typical dunes, although they are completely covered with grass 
and trees. Excavations made into many of these knolls reveal that 
they are composed of sand and finer particles deposited with the typical 
structure of dunes. It is thouglrt that hear the close of the last glacial 


218 


PHYSICAL GEOLOGY 


age, when much of the surface was mantled with deposits washed from 
the wasting ice and there was little protecting vegetation, the wind 
swept great quantities of rock debris from the Adirondack region and 
formed dunes on the adjacent plain. Similar features are common in 
central Connecticut, Ohio, Indiana, and other glaciated areas. 

In Bermuda many artificial cuts reveal a peculiar limestone that has 
the cross-laminated structure of dunes. Evidently this is an old dune 
deposit similar to that now forming along the Bermuda shores, where 
the sand consists of coral limestone ground up by wave action. Dunes 
are built of this sand, the grains become cemented, and the result is 
new limestone like that exposed in the cuts. Under exceptional condi- 
tions various other minerals and rocks have furnished debris that has 
been built into dunes. An area of 600 square miles in New Mexico is 
covered with dunes made of snow-white gypsum which was derived 
from disintegTating beds of gypsum exposed at the surface. Some of 
this gypsum sand is still shifting with the winds; but in many of the 
older dunes the grains have become firmly cemented. This large area 
has been set aside as The White Sands National Monument. 

The examples cited above relate to dunes which, though they are no 
longer active, were formed in fairly recent geologic time. In the older 
sedimentary strata we recognize dune structure, now preserved in firmly 
cemented sandstones, which gives a record of shifting sands in ancient 
geologic periods. 

LOESS 

What has become of the great quantities of fine material removed 
from land surfaces by deflation? Part of the answer is given by a 
peculiar yellowish, fine-grained sediment that covers vast areas in Asia, 
Europe, and North and South America. Typically it has no horizontal 
stratification, like that in ordinary sedimentary formations, but occurs 
in a single massive layer, 20, 50, or even more than 100 feet thick. On 
the other hand, it is cut by nearly vertical surfaces that divide the 
deposit into rough columns; for this reason it has the remarkable prop- 
erty of forming high bluffs along valley sides in spite of its soft, earthy 
character (Fig. 153). This sediment, so similar in widely separated 
continents, is known by the German name, loess (Ifis) . 

Although loess is exceedingly fine grained, examination with a power- 
ful microscope reveals that, a large proportion of the material is not 
decomposed but consists pf frefeh, sharp-cornered particles of feldspar, 
quartz, calcite, mica, and numerous other minerals mingled with clay 
It is evident, therefore, ■ that, -iipiich' of the material was ground up 




V. S, Oeological Survey, 


Fig. 163. Typical bluff of loess with vertical columnar structure. Near Bevei-ly, 
Missouri. 

at any time is irregular, and after deposition it is worked over with the 
underlying sediments by rain, frost, worms, and growing plants. Slen- 
der vertical tubes that are common in loess appear to represent the 
stems and roots of successive generations of plants that were buried by 
the accumulating sediment. 

Locally the unstratified loess grades laterally into deposits of similar 
silt that are stratified and have other characteristics of water-laid 
strata. Such deposits represent the action of running water on slopes 
and in local channels, both while the wind was building up the more 
characteristic accumulations of Iqess' and during the time that has 
elapsed since the original deposition. 

In central Europe, in the Mississippi Valley, and in eastern Oregon 
and Washington, the fine material forming the loess probably was sup- 
plied by the dried floors of temporary lakes and by floodplains of 
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mechanically, and that the particles thus formed were not affected by 
chemical weathering before their deposition. Shells of: land snails and 
bones of land animals are found in the deposits. Moreover, loess forms 
a blanket of variable thickness, covering older hills and valleys of 
very irregular surfaces. The wind is the only known agent that could 
deposit in this way sediments that are uniformly fine grained. General 
lack of stratification is to be expected in wind-laid silt, since the deposit 
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streams that drained from the wasting glaciers during the glacial ages 
(Chap. 9) . While these wide sheets of sediments lay unprotected by 
vegetation the wind picked up the finest-grained material and spread it 
out on the uplands; the abundance of fresh rock flour ground up by the 
ice movement explains the large percentage of unweathered, angular 
particles derived from numerous kinds of rocks and minerals. 

In northern China an area as large as France is covered with loess 
having a maximum thickness of several hundred feet. Streams have 
cut canyons into it, and the quantities of yellow silt continuously eroded 
from the ai-ea are responsible for the names of the Yellow River and the 
Yellow Sea. Without reasonable doubt this vast deposit of loess repre- 
sents the agelong accumulation of fine debris blown from the Ordos and 
Gobi deserts and from other parts of the arid interior of China. Thus, 
although the deposit that formed this loess was quite different in its 
origin from that in Europe and the United States, the material is similar 
because it also was prepared mechanically ; in the deserts of Asia it is 
the result of disintegration and wind abrasion in an arid climate, and 
therefore fresh, angular particles make up a good proportion of the 
deposit. The Chinese loess forms the richest soil of China, and for 
centuries many of the humbler farmers in the hilly districts have made 
their homes in artificial caves dug into the steep bluffs. In these dis- 
tricts some of the roads used for a long time have become narrow steep- 
walled canyons as the loess loosened by travel has been removed stead- 
ily by wind and rainwash. 

Loess and related deposits represent only the most conspicuous ac- 
cumulations of wind-blown silt; unquestionably, dust carried in the 
upper air, supplied either by deflation or by eruptions of fine volcanic 
ash (Chap. 14), settles slowly on the entire land surface and on the 
sea floor. Probably almost every layer of sedimentary rock contains 
at least a small amount of eolian deposit. Conceivably some thick- 
bedded ancient siltstones may consist of loess laid down in various 
periods of geologic history and preserved by favorable circumstances to 
become part of the sedimentary record. Most loess deposits, however, 
because of their elevated positions on the continents and the weak char- 
acter of the material, are subject to rapid destruction by erosion. 
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MARINE EROSION AND DEPOSITION 

The gradual crumbling of the land under the pounding of the surf 
is a fact familiar to all who have lived near the shore, especially along 
coasts composed of weak rocks. The seaward shores of Cape Cod and 
the islands near it yield to the sea from 1 to 6 feet each year, and at the 
present rate these lands will disappear entirely at the end of about 
4000 years, leaving only submarine banks to mark their former posi- 
tions. Certain stretches of the Yorkshire coast in England have been 
worn back a mile since the Norman conquest, and 2 miles since the 
time of the Romans. In the space of 200 years the town of Egmont, on 
the Dutch coast, was undermined and entirely destroyed by the per- 
sistent work of the waves. Cliffs near Dover on the English Channel 
are receding at the rate of 15 feet each year, and east of them the 
Goodwin Sands, now a shallow submarine bank, were formerly an 
island. The island of Helgoland off the mouth of the Elbe, once very 
large, w^as being eaten away so rapidly that it would by this time have 
disappeared entirely had erosion not been checked, near the end of the 
nineteenth century, by the construction of a strong sea wall. 

All these examples concern coasts formed of weak materials, such as 
chalk, clay, and sand, but the effect of waves on resistant rocks is the 
same except that erosion takes place much more slowly. 

A study of shore processes has practical value, for destruction of the 
land by the sea can be stopped for long periods, measured in human 
terms, as is demonstrated by the c&,se of Helgoland. Thousands of 
thickly populated districts where shore property is valuable have been 
artificially protected in this way. This study also furnishes answers to 
such broad questions as these; How far can the destruction of land by 
the sea be carried? Why do not beaches, bars, and other wave-built 
features stop marine erosion? And above all, since the sea-covered 
area of the Earth is three times as extensive as the land area, and since 
the Earth is admittedly very old, why have the continents not already 
been destroyed by marine erosion? 

Functions of the Sea. The Sea, covering 71 per cent of the Earth’s 
surface, is a direct and ehea-getic agent of erosion. Bit by bit it tears 
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away the margins of the land and thereby aids the streams in their 
work of wearing down the continents. Its floor is the final resting place 
of all the rock waste eroded from the lands by waves and currents, and 
by streams, subsurface water, glaciers, and the wind. This land-derived 
sediment is shifted for a while along the sea floor and, coming to rest, 
is ultimately solidified into the sedimentary rocks that form a conspic- 
uous part of the Earth’s crust. 

Indirectly, too, the sea exercises a great influence on the development 
of the Earth’s surface. Throughout the hundreds of millions of years 
of geologic time the general temperature of the Earth has never fallen 
below the freezing point or exceeded the boiling point of water. For 
this stability the nearly uniform rate of radiation of energy by the 
Sun is chiefly responsible, but the sea also serves as an important 
stabilizer by storing up excess heat against times of lessened solar 
radiation. The great currents that carry warm water from the equa- 
torial zone into the higher latitudes and the currents that transfer cold 
polar water toward the equator likewise exercise an important influence 
in distributing heat more evenly upon the Earth’s surface and in de- 
creasing the contrasts between climatic zones. Moreover, in the last 
analysis, evaporation from the surface of the sea supplies all the mois- 
ture borne by the winds to fall upon the lands as rain and snow. Thus 
the sculpture of the lands by streams, glaciers, and subsurface water 
is ultimately dependent on the great reservoir of the sea. 

Composition of Sea Water. About 3.5 per cent by weight of sea 
water consists of dissolved mineral substances, most of which have 
come from the lands. When sqa water is evaporated, more than three- 
quarters of its mineral content is precipitated as common salt (NaCl) . 
Among the many other substances present are calcium carbonate 
(GaCOs) and silica (Si02).. Both these substances are removed by 
chemical precipitation and, by marine organisms which use them in 
forming their shells. The total quantity of the salts is astonishing. 
If precipitated and crystallized into a bed of solid salts, it would form 
a layer about 125 feet thick over the entire surface of the Earth. 

Terminology. For the purpose of our discussion we shall define the 
sea as the entire body of confluent salt water of the globe. This leaves 
out only the separate inland bodies of water which, whether fresh or 
saline, belong in the category of lakes (Chap. 8) . Sealevel is the sur- 
face of the sea, and according tp variations of depth we have deep sea 
and shallow sea, each with its characteristic processes, deposits, and 
living inhabitants. Shallow seas that, lie upon a continent and are 
nearly landlocked are ep&iiic (Greek epeiros, a continent) . At 



224 


PHYSICAL GEOLOGY 


present there are but two good examples, the Baltic Sea and Hudson 
Bay, but at times in the past, when the continents were far more 
widely flooded than now, epeiric seas were of vast extent and of great 
importance. In fact, most of the sedimentary rocks of the present 
lands were formed in seas of this kind. 

Movements of Marine Water 

Sealevel; Tides. Although it is customary to use sealevel as a 
common datum of reference, the surface of the sea is not a perfect 
sphere. Its polar diameter is about 27 miles less than its equatorial 
diameter, and in addition there are irregular local departures from the 
spherical surface, the most obvious of which is the periodic distortion 
imparted to it by the tides. 

The combined gravitative attraction of the Moon and the Sun pulls 
the surface of the sea into two low but vast bulges, one on each side of 
the Earth. These bulges cause the tides. They are fixed with respect 
to a line connecting the Earth with the Moon, but, since the Earth in its 
daily rotation turns from west to east, they seem to move around the 
Earth from east to west. Far out at sea, the surface merely rises 
a little and then subsides again as each tidal bulge passes ; but where 
the bulge impinges against a coast the water is dragged forward, piling 
up on the shore and then receding. 

The height of tide is determined largely by the configuration of the 
coast. On open, exposed coasts it is not more than 6 or 8 feet, and in 
nearly landlocked embayments such as the Gulf of Mexico it is only 1 
or 2 feet. In estuaries that open out toward the advancing tide, how- 
ever, the water piles up as it is crowded forward into the ever-narrowing 
bays. This brings about exceptional conditions, such as those in the 
Bay of Fundy, where the tide rises normally 30 to 40 feet and excep- 
tionally as much as 50 feet. 

These immense tidal bodies of water, ceaselessly moving in and out 
of bays and estuaries- and along coasts, set up strong currents which 
scour the bottom and transport quantities of sediment. The rise and 
fall of the tides also aid indirectly in the attack of the waves on the 
land by increasing their vertical range. 

Ocean Currents. The Sea is affected by broad drifting movements 
confined to the several oceans. These are ocean currents. They are 
kept in operation chiefly by win(is,. such as the Trades, that blow stead- 
ily in one direction, and secondarily through the movements set up by 
differences in density of the fivatcr from region to region. 
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Many ocean currents are no more than faint drifts. Pew travel more 
than iO or 12 miles in 24 hours through open water. They affect the 
sea floor on the continental shelves and continental slopes and may pass 
over it wdth sufficient velocity to move sediment. In addition they 
exert a strong indirect effect by greatly modifying the climates of the 
lands they pass to windward. The equatorial currents carry warmth 
to the polar seas, and polar currents bring low temperatures and ice- 
bergs into middle latitudes. 

Waves and Rip Currents. Waves are generated by the wind blow- 
ing along the surface of the sea, which is thereby thrown into undula- 
tions. Once formed, these undulations are maintained and increased 
by the pressure against their wdndward sides and so are driven forward 
in endless succession. The wave form travels forward somewhat like 
the rippling of wind across a field of grain, making the stalks bow as 
each wdnd wave passes, but allowing each to return to its former posi- 
tion. However, the friction of the wind that generates waves also 
causes slow motion of the w^ater in the direction of wave travel 

The heights (of crests above troughs) and lengths (from crest to 
crest) of waves increase with the velocity of the wind, wdth its duration 
inm,. given direction, and with the expanse of open water to windward. 
For this reason small bodies of water and protected embayments of 
the coast are not affected by great waves. 

Wave motion decreases so rapidly with increasing depth of water 
that not even great storm waves can disturb the bottom at depths 
greater than a few hundred feet. Sea floors off exposed coasts are 
generally affected by waves to a depth of 200 to 300 feet, and excep- 
tional storm waves move fine sediment at depths as great as 600 feet. 

When a w'ave passes into shallow water, it becomes higher and 
shorter and its front steeper and more deeply concave until the crest 
arches forward, loses its support, and collapses in a rush of water, 
forming a breaker (Fig. 158). The water in the breaker, unlike that 
of the unbroken wave, moves forward rapidly. The height of the wave 
determines the depth at which it will break, and therefore small waves 
break in the very shallow water close inshore, whereas great storm 
waves usually break farther out, where the water is 10 to 20 feet deep. 

AVhere large breakers move landward in shallow water the cumula- 
tive landw’-ard movement of the surface water is compensated by np 
currents — seaward-moving lanes of water, irregularly spaced, flowdng 
through the zones of breakers and- dissipating in the deeper water be- 
yond. At times such currents, are dangerous to surf bathers. 




SPENCE AIR PHOTOS. 

Fig. 154. Coast near Laguna Beach , California, showing wave-cut cliffs and 
shallow hays fringed with beaches. The tide is lowj hence the wave-cut benches 
seaward of the cliffs are exposed. 


Longshore Currents. Longshore currents are get up by waves that 
strike the shore obliquely and thus have a component of motion along 
the shore. Because nearly all waves are oblique to the shore, longshore 
currents are very common. Most longshore currents are fairly steady 
because they are caused by waves that are generated by prevailing 
winds. Sweeping rock waste along, the currents tend to remove it from 
exposed headlands and to deposit it in protective bays (Fig. 154). 
They are largely responsible for the formation of beaches, spits, and 
bars. The fine sand of Daytona Beach, Florida, includes minerals that 
occur, not in the rocks of the Florida coast but in the rocks of the 
Georgia and Carolina uplands.; For this reason the sand is believed to 
have been swept .alongshore from farther north, where the rivers of 
Georgia and the; Carolinas bring it down to the sea out of the southern 
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The Attack ON THE Shore 

The sea, like other agencies discussed hitherto, uses the energy in- 
herent in its motions in performing work. This work, like that of 
streams, can be classified as erosion (hydraulic action, abrasion, solu- 
tion, and transport) and deposition. Let us consider, in turn, each of 
these processes (except solution, the results of which are not conspic- 
uous in most places) , 

Hydraulic Action. The damage done by storms to piers, break- 
w^aters, and similar structures is a rough yardstick for measuring the 
force of sea waves. At Wick, Scotland, during a great storm in 1872, 
a solid mass of stone, iron, and concrete weighing 1350 tons was torn 
from its place at the end of a breakwater and dropped unbroken inside 
the pier. The damage was repaired with a much larger block, weigh- 
ing 2600 tons, but, in a storm five years later, the waves carried away 
this one too. It is not surprising, therefore, that the faces of cliffs are 
shattered by the impacts of storm waves. Hydraulically compressed 
air is an additional factor important in eroding cliffs of fissured and 
jointed rocks. The air in the fissures, violently compressed by the 
impacts of the waves, acts as a wedge, springing out large pieces of 
rock, especially on steep, cliffed coasts. 

Abrasion. Abrasion is another important factor in the erosion of 
coasts by the sea. In shallow water the waves are well equipped for 
abrasion because they are supplied not only with the debris which 
they themselves wrest from the land, but also with waste contributed 
by streams. Sand and pebbles are rubbed together and ground against 
the shore by every breaking wave, and the erosive process is enor- 
mously hastened by the great waves of occasional storms, which fling 
stones and even boulders against the land, and then return to the at- 
tack with new weapons in the form of fragments of the eroded shore 
itself. By this process the sea slowly advances on the land as the 
opposing cliffs yield ground. The rock fragments dislodged from the 
cliffs are angular when first seized by the waves, but as they are 
handled by the sea they become smoothed and rounded (Fig. 142, b) by 
abrasion, until they come to resemble stream-worn stones. 

Transport and Deposition. The water piled up against the shore 
by breaking wmves is returned by seaward-moving currents, which 
carry rock particles with them. The ]:ush of breaking waves up the 
beach carries more water to the beach than tlie corresponding back- 
wash carries from it, because some pf the 'water sinks into the beach. 
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In addition, the onrush has greater velocity than the backwash. The 
result is a size sorting of the rock fragments being handled: the sand 
and gravel tend to accumulate on the beach, while the. silt and clay are 
gradually moved seaward. The larger fragments are dragged back and 
forth near the shore, and as they are abraded to smaller and smaller 
sizes (becoming rounded or flattened during the process) they are grad- 
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Fig. 155. Wave-cut cliff and wide wave-cut bench cut across steeply inclined sedi- 
mentary rooks north of Bonne Bay, Newfoundland, exposed at low tide. The beach is 
unusually scanty; it consists of a few rounded stones and boulders. 


ually shifted seaward. As they grow fine, they are moved in suspension 
rather than by traction, and at length each particle drops out in places 
too deep to be affected by motion of the water. 

The Shore Profiled As waves dash against the land they carve a 
wave-cut cliff (Figs. 154, 155, 156) which slowly retreats under their 
attack, in some places at rates of several feet per year. The top of 
the cliff is undermined, falls bit by bit to the cliff base, and forms a 
heach made of wave-handled debris worn from the cliff and therefore 
consisting of sand, pebbles, or coarser, fragments, according to the kind 

1 Technically, the shoreline is the line along which the sea intersects the land, 
the sAore is the narrow zone lying' between the low-tide shoreline and the high- 
tide shoreline, and the coast is a strip of indefinite width extending landward from 
the shore, ■ ■ 
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of rock into which the cliff is cut. The beach is added to by debris 
brought by the waves from elsewhere along the shore; indeed, some 
beaches have been made chiefly in this way. Sometimes the beach is . 
partly cut away, sometimes it is greatly added to, but always it con- 
sists of rock waste in intermittent transit from the cliff to the deeper 
water offshore. If the rock forming the cliff is cut by joints and fis- 
sures, the waves commonly widen them and in places quarry out blocks, 
leaving great masses of rock standing isolated. 


As the wave-cut cliff slowly retreats under the attack of the sea,” it 
leaves behind it an ever-widening rock platform. This is the wave-cut 
bench (Figs. 154, 155, 156). Its surface, submerged at high tide and 



Fig. 166. Wave-cut cliff with, beach at its base, wave-cut bench veneered with rock 
waste, and wave-built terrace made of accumulated debris. The exact form of the wave- 
built terrace is conjectural. 


emerged at low tide, is gradually lowered by abrasion as waves and 
seaward-moving currents sweep debris back and forth across it. The 
bench is usually covered with gravel or sand, the net travel of which 
is slowly seaward. This sediment finally lodges in the deeper water at 
the outer edge of the bench, forming a wave-huilt terrace (Fig. 156) . 

The combined profiles of the cliff, the wave-cut bench, and the wave- 
built terrace together form the shore profile which, under the continued 
influence of the waves, gradually changes its form. The cliff retreats, 
the wave-cut bench is widened landward by erosion, and the wave-built 
terrace is widened seaward by deposition. 

The Graded Profile. The power of waves beating against a coast 
bordered by deep water immediately offshore is applied entirely to 
eroding the cliff, because the waves lose no energy by dragging bottom 
before they reach the shore itself. As the cliff retreats and the wave- 
cut bench is correspondingly widened and the cliff debris increases in 
volume, more and more wave energy is spent in grinding up rock frag- 
ments and in transporting the finer particles to deep water. Thus the 
work to be done increases, while on the contrary the power of the w'aves 
to do work along the shore steadily diminishes. Therefore a time comes 
when these two factors are balanced; when, in other words, there is a 
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close adjustment between the amount of rock waste on hand and the 
amount of wave energy available to deal with it. This delicate adjust- 
ment— a mean through which the opposed forces continually fluctuate— 
is recorded by the steepness of the curving shore profile (Fig. 156), 
which, by slow degrees, becomes a graded profile, analogous to the 
graded profile of a stream (p. 81). The inclination of the graded 
profile depends chiefly on the strength of the waves and the kind of 
rock waste being handled. 

Any disturbance of this balance results in adjustment that tends to 
restore balance. An increase in the supply of debris, for example, 
makes the profile less steep and slows up erosion of the cliff until the 
increase has been got rid of by seaward transport; an increase of wave 
energy steepens the profile and speeds up the attack on the cliff until 
the resulting increased supply of rock waste again becomes adjusted to 
wave energy. The maintenance of the graded profile is illustrated by 
the simultaneous retreat of three wave-cut cliffs of silt and clay along 
the shore at La Jolla, California. During the 12-year period 1918-1930, 
cliff A, 21 feet high, was cut back 20 feet into the land. During the 
same period cliff B, 33 feet high, receded 15 feet, while cliff C, 54 feet 
high, yielded only 10 feet. Expressed in terms of equilibrium, this 
means that, for each foot of retreat, the highest cliff yielded the great- 
est volume of waste, and this had to be handled and distributed by the 
waves before the cliff could be further eroded. 

The evolution of a new shore profile into a graded profile is like the 
evolution of part of the long profile of a very young stream into the 
graded profile of a mature stream. Like the graded long profile of a 
stream, the graded shore profile flattens out as erosion and deposition 
continue. 

DBPOSITIONAL SHORE FEATURES 

The beach and the wave-built terrace have been mentioned; these 
are primary depositional features. In addition to these many shores 
are also provided with spits and bars. 

Spits and Bars. Longshore currents sweep debris from headlands 
into the deeper water of bays, where, losing velocity, they dump it in 
embankments somewhat resembling railroad fills. As long as their far 
ends are free, these embankments are termed spits (Fig. 157) . Waves 
drag bottom on the embankments and build them above sealevel. Spits 
not seriously impeded by transverse currents continue to be built across 
the bays, closing or nearly closing them, and thus form bay bars (Fig. 
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Fig. 157. Poponessef "Beach,” a spit evolving into 
coast. Cotuit, Cape Cod, M.assachusetts . The free ( 
shomvard hy waves and currents moving past it. 


162) . Other bars are built in the sheltered water between islands and 
the mainland, ''tying” the islands to the mainland. 

As a result of abundant stream deposition from the land, or warping 
of the crust, or other causes, the offshore slope of the bottom may be 
less steep than the slope required for a graded profile. Under these 
conditions the line of breakers lies well offshore. The waves drag the 
shallow bottom and pick up sediment which they carry forward to the 
line of breakers. Here they drop it, building up a narrow ridge or off- 
shore har (often popularly called a "barrier beach”) parallel with the 
general trend of the shoreline ' (Fig. 158). Wave excavation continues 
to seaward of the bar, until the graded profile is attained. The bar 
itself may be built above sealevel by storm waves, inclosing a shallow 
lagoon 1 between it and the mainland. The width of the lagoon depends 
on the seaward slope of the bottom and the size of the storm waves. It 
is commonly a mile or more and may be several miles. The ideal off- 
shore bar is thus a wave-built feature, in contrast with the ideal bay 

1 Large lagoons are also called sounds but Hot all sounds are lagoons. A sound 
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Fig, 158. Bar, probably of the offshore type, near Wilmington, North Carolina. 
Lagoon and mainland appear to the left; in the background the bar is broken by an 
inlet, The seaward slope of the bar, a popular bathing beach, is protected by 
groins, several of which are visible. 


bar, which is built by longshore currents. Doubtless most bars have 
been built by interplay of the two processes. 

In general, the A,tlantic and Gulf coasts of the United States exhibit 
nearly continuous bars, with bays and lagoons developed on a large 
scale. At Cape Hatteras (Fig. 159) the bar is about 20 miles from 
the mainland, but along the east coast of Florida, as at Palm Beach and 
Miami Beach, it is near shore,, and the lagoon in consequence is Amry 
narrow. Both Atlantic City, New Jersey, and Galveston, Texas, are 
built on bars. In 1900 a disastrous flood occurred at Galveston when 
high seas, driven by a hurricane, rose 15 feet above their normal height. 

In the graded-profile concept', we can now see the answer to the 
question often asked, and repeated at the beginning of this chapter: 
Why do not beaches and bars stop erosion by waves? Like their coun- 
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terparts, the bars built by streams, the spits, bars, and beaches built 
by sea waves and currents are temporary, shifting structures. Just as 
a single flood may modify or destroy one of these structures or build a 
new one, so a single storm may work great changes along a shore. The 
cliff and bench are far more dur- 
able features. 

SHORE PROTECTION 

Buildings and other costly struc- 
tures standing close to the shoreline 
frequently require protection from 
the erosional inroads of the sea. 

Three general methods are em- 
ployed to combat erosion of the 
shore in such places. One is the 
construction of seawalls along the 
shore and of breakwaters offshore. 

The waves are obliged to atta,ck 
and destroy these structures before 
they can resume their erosion of 
the ground back of them. A sec- 
ond method is the construction of. 159 . tars Wys 

groins — low walls extending from lagoons, in the region of the Carolina 

the shore out into the water (Fig. 

158) . Groins are effective in many places where longshore currents are 
loaded with debris, because they check the currents and cause the de- 
position of the debris between the groins', thus forming a new beach 
which protects the land behind it. A third method is the hauling or 
jiumping of sand from elsewhere on to the strip of shore to be protected. 
Ordinarily this operation has to be repeated annually and is used com- 
monly in conjunction with the construction of groins. As shore prop- 
erty becomes more and more intensively utilized, protection of the 
shore will become an increasingly important problem; 

The Geomorphic Cycle along Coasts 

The chief erosional shore featuresH-the wave-cut cliff and bench — 
occur in combination with the depositional forms — ^the wave-built ter- 
race, the beach, and the various kinds of bars — giving seemingly end- 
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less variety to shorelines. Yet upon analysis these combinations are 
found to be the result of orderly and systematic development condi- 
tioned principally by the initial configuration of the coast before the 
shore processes began to sculpture it. In order to visualize this 
sequence, let us select two ideal initial coasts of very different types 
and ti'ace the changes that will gradually take place in each, grouping 
them into stages of youth, maturity, and old age, as was done in the 
discussion of the fluvial cycle. 

Bold Embayed Coasts. A bold coast marked by deep bays between 
pronounced headlands, with comparatively deep water and some islands 
offshore, is shown in Fig. 160. . This general type of coast occurs in 
northeastern North America and most of western Europe. Its irregular 
shoreline is the result of depression of the land or actual rise of sea- 
level, or both, drowning the valleys and thus forming the bays. Wave 
attack is concentrated on headlands and islands, as the waves can not 
effectively reach the sheltered bays (Fig. 161). Cliffs are cut into the 
seaward shores of the islands and exposed headlands, and those parts 
of the headlands where the rock is weakest are quickly indented, form- 
ing little coves between small promontories of more resistant rock. 
As the headlands are cliffed, the debris first eroded, sinks out of sight 
into the deep water at their bases. Gradually, however, the headlands 
are cut back until the rock waste supplied by their erosion is built up 
into the zone of wave action, where it forms beaches fringing the cliffs. 
Longshore currents generated by oblique waves sweep past the cliffed 
headlands and carry part of the beach material into the deeper water 
of the bays where it forms spits and bars. Figure 162 shows several 
spits, a bay bar, and an island tied to the mainland. 

While these features are being built with the debris of the crumbling 
headlands, deltas are being 'built out by the larger streams into the 
heads of some of the bays, which become fringed with tidal marshes 
(p. 155) in protected stretches where aquatic vegetation can grow 
undisturbed. 

As the islands are cut away, the headlands cut back, and the bays 
correspondingly shortened, the shoreline becomes much simplified (Fig. 
163). The truncated headlands are now connected by nearly con- 
tinuous bars, and the bay heads are filled with sediment washed in 
by the streams. This simplification of the shoreline is the work of 
the stage of youth. 

When the headlands have been completely cut away and the bay- 
, head fillings removed, the' shoreline is said to be mature (Fig. 164) . 
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The waves can now attack 
the entire shoreline, except 
that stretches composed of 
weak rocks will continue to 
form indentations, while 
those composed of stronger 
rocks will form promonto- 
ries. Along the whole shore 
are cliffs as high as the 
height of the land above the 
sea. The submerged wave- 
cut bench is as broad as the 
original headlands were 
long, a wave-built terrace 
extends seaward beyond it, 
and the combined profile of 
the two features has be- 
come a graded profile, across 
which waste from the cliffs 
is slowly shifted, adding 
to the terrace and complet- 
ing the filling of the bays 
with sediment. A long pe- 
riod ensues, marked only by 
retreat of the cliffs and 
widening of the bench and 


Figs. 160-164. Evolution of one 
type of shoreline on a bold embayed 
coast. {Modified after D. W. Johvr- 


Fig. 160. Initial condition marked 
by deep bays, headlands, and islands. 

Fig. 161. Cliffing of headlands. 

Fig. 162. Formation of beaches 
and spits; an island has been tied to 
the mainland by a bar. 

Fig. 16.3. Formation of trun- 
cated headlands connected by bars, 
foi'ming a much-simplified shore- 
line. The shortened, bays are being 
filled -with stream deposits and vege- 
tation. 

Fig. 164. Headlands and bays 
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terrace. As the bench and 
terrace widen, the force of 
the waves reaching the 
shore becomes correspond- 
ingly feebler. 

Old age is attained when 
the sea has cut so far inland 
that the waves spend most 
of their force in friction upon 
the shallow bottom as they 
roll across it and so make 
but a feeble attack upon the 
shore. After this stage is 
reached, further retreat pro- 
ceeds very slowly, but the 
wave-cut bench gradually 
widens. 

Low-Plain Coasts. Fig- 
ure 165 shows a quite dif- 
ferent kind of coast — a low 
plain devoid of bays and 
peninsulas and having ex- 
tremely shallow water off- 
shore. Such a coast results 
from the spreading of great 
quantities of alluvium into 


Figs. 165-169. Evolution of one 
type of shoreline on a low-lying 
plain coast. {Modified after D. W. 
Johnson.) 

Fig. 165. Initial condition, marked 
by excessively shallow water off- 
shore. 

Fig. 166. Formation of offshore 
bar and lagoon. 

Fig. 167. Shoreward migration 
of the offshore bar and beginning of 
filling of the lagoon. . 

Fig. 168. Continued migration 
of the offshore bar and conversion of 
much of the lagoon into tidal marsh. 

Fig. 169. Removal of the offshore 
bar and tidal marsh, permitting the 
waves to attack the mainland 
directly. 
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the sea faster than the waves can attack and remove it, as happens 
where a great river like the Mississippi is building a delta. It may 
result also from emergence that brings a broad area of shallow sea 
floor out of water. As a result of the shoal water, the waves drag bot- 
tom well offshore and pick up sediment which is dropped at the line 
of breakers, gradually building an offshore bar (Fig. 166). Built up 
above sealevel by storm waves, the bar forms islands inclosing a 
lagoon. 

The sea floor outside the bar is gradually excavated by the waves, 
the eroded material is added to the bar, and the profile is converted 
into a graded profile. The waves are then able to break with force 
against the bar itself, eroding its seaward face. Part of the re- 
sulting debris is carried out to sea, and during storms part is thrown 
over the bar into the edge of the lagoon. By this process of erosion of 
its seaward face and deposition on its lagoonward face, the bar is grad- 
ually shifted landward (Fig. 167). At the same time longshore cur- 
rents may add to the length of the bar by building out one or both of 
its free ends. 

Meanwhile the lagoon, rarely more than 20 feet deep at the start, 
is slowly filled with sediment washed into it from the land, as well as 
with the debris thrown over the bar. Where the water is shallow 
enough, vegetation thrives and adds its quota to the accumulating 
sediment, locally forming extensive tidal marshes. As the bar is driven 
landward the lagoon becomes a tidal marsh throughout its extent 
(Fig. 168). Eventually both bar and lagoon filling are completely cut 
away as the breaking waves continue their attack upon the land. The 
removal of the offshore bar ends the stage of youth (Fig. 169). 

After the disappearance of the offshore bar the sea launches its 
drive against the shore with unchecked vigor. A wave-cut cliff and 
bench are rapidly formed, and the shoreline develops minor irregulari- 
ties controlled by the distribution of weak and resistant rocks. The 
remainder of the process is identical with that of the stages of maturity 
and old age on the embayed coast already described. The most no- 
ticeable result is the production of an ever-widening wave-cut bench. 

The significant features in the evolution of this type of graded coast, 
as compared with that of the bold coast first described, are (1) the 
creation of a profile, chiefly by erosion, from an initially too-shallow 
bottom, and (2) the absence of bay bars. It is evident that, on any 
type of coast, the rate at which, the changes occur must depend on the 
resistance of the rocks and the strength of the waves. Thus, if wc 
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assume equal wave strength, weak-rock shorelines may evolve to ma- 
turity while near-by resistant-rock shorelines have progressed only 
to the stage of early youth. 

Much of the Gulf Coast of North America is a low-plain coast of 
this general kind. In most places it has already progressed to the stage 
of extensive bar building (Figs. 157, 158, 159) . 

CLASSIFICATION OF SHORELINES 

The two examples given above are outstanding, but they are only 
two of many types of coast, each of which must be analyzed in the 
light of its own peculiarities. However, most coasts are modifications 
of one or the other of the types illustrated. Among them might be men- 
tioned straight high rocky coasts free of bays and headlands (essen- 
tially the coast shown in Figs. 61-63) and low-lying plai|i coasts deeply 
indented by shallow estuaries. The evolution of each will be deter- 
mined in part by the rocks of which it is composed and by the form it 
has at the start, but the sequence of forms developed on each will 
follow the principles implied in the two examples described. 

The great variety of coastal types has led to many attempts at 
classifying their shorelines. Two different classifications are widely 
used. One emphasizes shorelines, is based on movements of the land 
with respect to sealevel (and vice versa), and is fourfold: 

1. Shorelines of submergence, on coasts that have been depressed by 
crustal movements, or against which the sealevel has risen. 

2. Shorelines of emergence, on coasts that have been upheaved by 
crustal movements, or from which the sealevel has fallen. 

3. Compound shorelines, which are combinations of (1) and (2) 
above. 

4. Neutral shorelines, on coasts which have undergone no apparent 
change of position with respect to sealevel. 

The other classification emphasizes the coast as a whole, is based 
primarily on the extent of modification of the land by shore processes, 
and is twofold: 

1. Primary or youthful coasts, whose form is principally the result 
of nonmarine agencies. 

2. Secondary or mature coasts, 'whose form is primarily the result of 
marine agencies. 

Probably no classification can be wholly satisfactory, because none 
can be flexible enough to allow; for the many complexities evident in 
the history of most co.aste., '•Nearly all coasts have been affected by 
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repeated upward and downward movements of the land relative to 
sealevel and require detailed study not only of their form but also of 
their superficial mantle and underlying rocks before they can be fully 
understood. 

Effect of Changes of Level. Most existing shorelines are youthful 
(such as those of most of New England), some are mature (such as 
those of the weak-rock parts of the English channel) , but few if any 
are at present in old age. These facts are in large part the result of 
pronounced crustal movements and considerable fluctuations of sea- 
level that have taken place within recent geologic time. In particular, 
the shifts of sealevel incidental to the glacial ages that have occurred 
within the last million years have played a conspicuous part in deter- 
mining the configuration of present-day shorelines. 

The stage of old age in which a large island or part of a continent 
is reduced by marine erosion to a broad wave-cut bench fringed by a 
broad wave-built terrace is therefore a matter of inference. We have 
no evidence that either the crust or the sealevel has ever stood still 
long enough to permit this stage to be developed on a large scale. Since 
a very slight uplift suffices to bring a great deal of land out of water, 
shifting the zone of wave attack and forcing the process of destruction 
to begin over again, we must regard the process of coastal evolution 
as a thing that practically fails of completion. 

On the other hand a broad wave-cut bench, after emergence and 
erosion by streams, so closely resembles the peneplane resulting from 
the completed fluvial cycle (p. 104) that it is difficult to distinguish 
between them, and we must admit the possibility that some peneplanes 
are, at least in part, of marine origin. 

Examples of Coasts with Complex Histories. The shoreline of 
the Atlantic coast of North America furnishes much evidence as to 
its history. Although between Florida and Cape Lookout, North 
Carolina, there is little indication of submergence, yet, northward 
from Cape Lookout to the Maritime Provinces of Canada, the stream 
valleys are submerged, becoming more deeply so toward the north. 
The seaward parts of the Roanoke, James, Potomac, Delaware, Hud- 
son, and Connecticut valleys are subiuerged; even Long Island Sound 
appears to be a stream valley that has been submerged throughout 
its length. As corroborative evidence, the depth of water upon the 
continental shelf deepens toward the north, and the shelf itself widens 
in the same direction. 

On the other hand a narrow strip of coast, 20 to 30 feet above sea- 
level, from Florida to New Jersey is covered with fine-grained deposits 
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containing marine fossils, and wave-cut features occur also at higher 
altitudes. Thus we have evidence of both emergence and submergence 
along this coast, and from the differential character of the submergence 
we may conclude further that the latter was brought about at least in 
part by differential downwarping of the coast rather than by the uni- 
form rise of the level of the sea. 

The Pacific coast likewise yields evidence of both emergence and 
submergence, though evidence of emergence — ^many wave-cut cliffs and 
benches (Fig. 170) lying as high as 1500 feet above sealevel — is the 
more conspicuous. Some of the benches are warped, showing that local 
movements of the crust, rather than changes of sealevel, were at least 
in part responsible for bringing them to their present positions. In 
fact the great heights attained by shore features and marine deposits 
on this coast reflect the mobility of the crust along the western border 


SPENCE AIR PHOTOS. 

Fig. no. Coast of southern California at San Pedro Hills, showing wave-cut 
benches high above present sealevel, emerged as a result, at least in part, of local 
upwarping of the crust, A particularly distinct emerged bench and cliff are shown 
forming Portuguese Point, in the left foreground. A conspicuous cliff and bench 
are developing at the present sealevel. 
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of North America, whereas the character of the Atlantic coast reflects 
much less disturbed conditions. 

Parts of the Gulf coast are bordered, like the Atlantic coast, with 
slightly emerged shore features, but near the Mississippi the present 
shoreline is somewhat embayed, indicating subniergence, possibly as 
a result of subsidence of this part of the coast under the weight of the 
vast load of sediment dumped into the Gulf here by the great river. 
West of the Mississippi, the Gulf coast seems to have a very nearly 
neutral shoreline, consisting apparently of the old deltas of the Brazos 
and Trinity rivers and other streams. 

These examples indicate the complexity of most coasts and serye to 
show how the study of shore features leads to important inferences 
regarding the history of the lands to which they belong. 

Islands and Cokal Reefs 

Islands. The sea contains both islands and shoals. Many of these 
are the tops of hills, mountains, and larger land masses that have been 
submerged. Most of the islands off New England and the British Isles 
were so formed,. Others, including Bermuda, the Azores, many of the 
smaller West Indian islands, and the majority of the smaller Pacific 
islands including the Hawaiian group, are volcanic cones built up on 
the sea floor. Smaller islands are sometimes formed by the rock 
residuals left by wave erosion, and by deposits in the form of bars. 

Coral Reefs. In the warm shallow water around many tropical and 
subtropical islands, especially in the Pacific, coral reefs abound. They 
are estimated to have a combined area of half a million square miles, 
and the calcareous debris resulting from their erosion by waves is 
spread over a much greater area of the sea floor. Corals (polyps)?, 
other shell-forming animals, and lime-secreting marine plants build 
these elaborate reefs of calcium carbonate which they secrete as limy 
skeletons outside their bodies. The corals reproduce by budding in 
plant-like fashion, so that colonies of many thousands of individuals, 
each living in its own tiny protecting chamber like a cliff dweller in a 
city of stone, combine to build a structure of great size. 

As the colonies expand and build upward, the older organisms die, 
and gradually the dead base is buried by the growth of new generations 
and by the debris broken by storni waves from the parts above. The 
accumulating deposit is eventually cemented into a white spongy lime- 
stone upon whose upper surface the living organisms flourish (Fig, 171) . 
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The resulting structure is a coral reef. Its upward growth ceases when 
its surface reaches sealevel, for most of these organisms can stand ex- 
posure to the air for only a few hours at a time. Over the reef the 
waves swirl and break, and at its outer edges, where oxygen, calcium 
carbonate, and food material are most abundant, corals thrive best. 

Coral reefs are sharply limited in their distribution by the depth 
and temperature of the W'^ater, because the reef-forming organisms 


Saville Kent. 


Growing corals, visible at low tide, on the Great Barrier Reef of Australia. 
View looking across the lagoon toward the mainland 20 miles away. 


thrive only where the water is clear, shallow, and warm. They prefer 
temperatures above 68°F., and they live where the water is less than 
about 200 feet deep. 

Types of Reefs. According to their position and form, coral reefs 
have been grouped into three general classes: fringing reefs, barrier 
reefs, and atolls (Figs. 172-174) . Fringing reefs lie close against the 
shore, forming platforms exposed only at very low tide. Barrier reefs 
lie at some distance from the shore, separated from it by shallow 
lagoons. Breaks in these reefs are kept open by the tides, so that the 
deeper lagoons make excellent harbors. Many of the high volcanic 
islands of the Pacific as well as islands in the Caribbean region are 
girdled by such encircling reefs, ^he west coast of the island of New 
Caledonia has a barrier reef 400 irtiles long, and the eastern coast of 
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Australia has one 1200 miles long. The latter lies 20 to 30 miles from 
shore, and its great lagoon has a depth of 100 to 200 feet. Atolls are 
ring-shaped reefs inclosing circular lagoons instead of islands. Gener- 
ally there are breaks in the reefs, which afford access to the lagoons. 

Fringing reefs are formed by 
organisms attaching themselves 
to the rocks in the warm shal- 
low water near the shore. B ar- 
rier reefs and atolls are gener- 
ally considered to have evolved 
in three ways; 

(1) By heightening of 
fringing reefs, as the islands 
about which they were formed 
subsided gradually below sea- 
level. A fringing reef is built 
around a volcanic island, which 
begins to sink. Since corals 
thrive best on the seaward 
margin of the reef, it is only 
on that margin that the corals 
can grow fast enough to coun- 
teract the sinking of the island 
and keep themselves in shal- 
low water. Continued sinking 
drowns the inner part of the 
reef, forming a lagoon pro- 
tected ' by the growing outer 
fringe and causing the original 
fringing reef to become a bar- 
rier reef. As subsidence and 
erosion continue, the volcanic island finally disappears below sealevel, 
and the reef becomes an atoll. 

(2) By reef building on wave-cut benches during rise of sealevel. 
According to this view, the lowering, of sealevel, caused by the removal 
of sea water to build glaciers during the glacial ages, destroyed pre- 
existing reefs, checked by lowered temperatures the further growth 
of corals, and brought about the emergence of many w^ave-cut benches 
on tropical islands. With the later warming of the sea and rise of 
sealevel that accompanied the shrinkage of the glaciers, coral growth 
on the benches was resumed, especially on their seaward margins where 



Figs. 172-174. Types of coral reefs. 


Fig. 172. Fringing reef growing around the 
margin of a volcanic island. 

Fig. 173. Barrier reef grown upward from 
a fringing reef during either sinking of the 
island or rise of sealevel. The reef now in- 
closes a lagoon. 

Fig. 174. Atoll grown upward from a 
barrier reef during further submergence of 
the island. 
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conditions are most favorable. Upgrowth kept pace with rise of the 
sealevel, thus forming the present barrier reefs and atolls. 

(3) By upbuilding of reef* structures on shallow submarine banks 
and island-fringing platforms not more than about 200 feet below sea- 
level (the normal depth range of the principal reef-forming organisms) . 
For such growth, neither subsidence of islands and banks nor rise of 
sealevel is required. The reefs are slowly built up toward sealevel, 
where, favored chiefly at their seaward margins, they form atolls and 
barrier ''eefs. 

Probably some of the existing barrier reefs and atolls have evolved 
in each of these ways, and some by a combination of two or all of them. 

The Sea Floor and the Sediments on It 

Deep-Sea Basins and Continental Shelves. The enormous depres- 
sions that contain the greater part of the sea are the largest individual 
features of the Earth’s crust (Fig. 2). Not only is their combined 
area more than twice that of the continental masses, but also they 
attain a maximum known depth of more than 6 miles and an average 
depth of 2.5 miles, whereas the average height of the continents (above 
sealevel) is only about 0.5 mile. So vast is the volume of the deep-sea 
basins that, if the continental masses were planed down and their de- 
bris dumped into the basins, leveling the Earth to a smooth spheroid, 
the sea would cover the entire Earth to a depth between 1 and 2 miles. 
Even this depth, however, is slight in comparison with the diameter of 
the Earth. If, for example, a globe 3 feet in diameter were dipped into 
water and then withdrawn, the film of moisture adhering to it would 
represent to true scale a sea one-half mile in depth. If, in drying, the 
globe should warp so slightly as to lessen its diameter at any place by 
only one-hundredth of an inch, the change would correspond to the 
depth of one of the deep-sea basins. 

From this emerges the important fact that a very slight warping 
of the Earth’s crust as a whole produces very great changes in the 
volumes of the deep-sea basins. Downwarping of their floors greatly 
increases their capacity and draws water away from the continental 
shores. Upwarping of the basin floors notably decreases their capacity 
and forces the water to rise and creep landward across the lower^ parts 
of the continents. The presence of widespread marine deposits high 
and dry upon the land, and on the other hand the presence beneath 
the sea of deposits that were clearly made on land, suggest that up- 


MARINE EROSION AND DEPOSITION 24.5 

warping and downwarping have occurred repeatedly throughout the 
history of the Earth. 

The term basm suggests a concave depression, but the deep-sea 
basins are depressions only by comparison with the continental masses, 
for because they are very shallow compared with the Earth’s radius 
their floors are actually convex (Fig. 2). At present the sea more 
than fills its basins, and, spilling over them, it floods the margins of 
the continental masses, covering the continental shelves with shallow 
water (Figs. 2, 175). The shelves are widened partly by continuous 


Shore 
Continenf zone 
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Fig. 175. The four marine depth zones at the margin of a continental mass. (Vertical 
exaggeration 10 times.) 


erosion of the land by the sea and partly by the deposition of sedi- 
ment swept seaward by marine currents. Along stable coasts where 
apparently these processes have operated with least interruption 
through a long time, the shelves are broad. Thus the shelf off the 
Atlantic coast of North America is 60 to 80 miles wide in the latitude 
of the Carolinas. The shelf off the unsteady Pacific coast, however, is 
in many places less than 10 miles wide, perhaps because throughout 
recent geologic time this part of the continental mass and the adjacent 
deep-sea floor have not stood still long enough to allow a broad shelf 
to be made. 

Topography of the Sea Floor. The continental shelves slope sea- 
ward at an average rate of 10 or 12 feet per mile; if the water were 
draWn off, they would appear to the eye as monotonous plains marked 
by only minor I irregularities. However, the shelves (whose greatest 
depths range from about 350 feet to more than 600 feet) are separated 
from the deep-sea basins by conspicuous continental slopes with incli- 
nations that average 200 to 300 feet per mile. The floors of the deep- 
sea basins are marked by rises and deeps. One conspicuous elevation, 
the Mid-Atlantic Ridge, consists of a broad ridge of almost continental 
proportions that trends north-south through the Atlantic Ocean basin. 
The deeps arc not in the central parts of the basins, but lie commonly 
near the continental margins, some of them parallel with coastal moun- 
tain ranges. They appear to be areas that have been depressed by 






Fig. 176. Monterey Canyon., a conspicuous submarine valley off Monterey Fay, California. The contour interval is 300 feet; , 
canyon opens into the Monterey Trough at a depth of 9000 feet. Other submarine valleys are visible in the continental slope. 
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breaking or sharp bending of the deep-sea floor and probably are re- 
lated to uplifted continental margins. The Pacific Ocean holds the 
record for depth with 35,400 feet at a point east of the Philippine 
Islands. In the Atlantic, which in general is shallower than the Pacific, 
the Milwaukee Deep off Puerto Rico holds the record with 30,246 
feet. These great depresssions in the sea floor correspond in area and 
in magnitude to the highest elevations on the land. The greatest deep 
lies more than 6.5 miles below sealevel, and the loftiest mountain chain, 
the Himalaya, stands 5.5 miles above it. 

Formerly, these broad rises and deeps were believed to be the chief 
topograifiiic features of the sea floor, which was conceived to be 
throughout most of its extent a monotonous plain with gentle slopes 
and very little local relief. This belief resulted from the fact that, until 
recently, soundings were made from exploring ships by the process of 
paying out wires to which weights were attached. This operation was 
so laborious that soundings were few and too widely spaced to detect 
much local relief. Within recent years, however, there has been de- 
veloped a method whereby sound waves are transmitted from a ship 
to the bottom, from which they are reflected and are picked up again 
on the ship by an instrument that automatically calculates and records 
the depth. The position of the ship is determined by surveying meth- 
ods, and in this way an area of sea floor can be charted quickly. 

Sonic surveying of this kind has revolutionized our picture of the 
sea floor. Instead of the plains-like surfaces that were once believed 
to be nearly universal, broad areas of the floor are now known to 
consist of plains and high mountains, and the continental slopes are 
seen to have an intricacy of detail rivaling that of complex land sur- 
faces. In some places the detail appears to have resulted from local 
warping and faulting of the crust (Chap. 15) and submarine volcanic 
activity, but in others it consists of valley systems not unlike those 
that diversify the land (Fig. 176). Geologists are not agreed as to 
whether these features are valley systems cut by land streams and later 
submerged, or depressions excavated in some manner by submarine 
currents. 

Sea-Floor Sediments. No two parts of the sea floor are exactly 
alike in the character and distribution of their sediments, but certain 
general factors apply to them all. Slope, distance from shore, amount 
of sediment available, currents, temperature and oxygen content of the 
water, and depth are the principal controls. Of these controls depth 
may be the most important, for it deterniines the effectiveness of waves 
and currents in distributing rock waste^worn from the lands, and at 
the same time, by controlling the sunlight and heat that penetrate to 
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the sea floor, it regulates the habitats of rock-forming sea animals and 
plants. 

The rock waste derived from the land is in more or less constant 
transit seaward, until bit by bit it comes to rest upon parts of the 
bottom too deep to be reached by waves and currents, and there it re- 
mains as long as those parts .of the sea become no shallower. Therefore 
ideally grain size should decrease with increasing depth and distance 
from shore. While this transfer and deposition of rock waste are in 
progress, limestone is being built up in other places that are warm, 
shallow, and free from land-derived sediment (Chap. 12) . 

Shore Zone. The shore zone, the area between the levels of high and 
low tide, emerges twice every day. Its sediments vary from place to 
place and from time to time. They range from gravel along steep, 
cliffed coasts to sand on many beaches and bars, and to silt and clay 
in protected bays and lagoons. In exposed places the sediments are 
shifted about, raked over, and sorted by every change in wave strength. 
The general mantle of rock waste in transit seaward does not form a 
layer uniformly thick, for it includes conspicuous shore-zone accumu- 
lations such as beaches and bars, whereas in protected bays and 
lagoons, flner sediments accumulate. 

Shelf Zone. The zone of the continental shelves is one of change and 
activity. Waves and currents keep the water in motion, salinity and 
turbidity vary from place to place, and the temperature changes with 
the seasons and varies with latitude. Hence the sediments vary greatly 
from place to place. Along the bold and exposed coast of California 
the near-shore sediments include gravel and coarse sand ; off the mouth 
of the Mississippi the deposits are finer sand and mud derived from 
far in the interior; and bordering the low and nearly streamless lime- 
stone coast of southern Florida are limy deposits of very fine texture. 

Discussion of the graded shore profile brought out the fact that all 
the rock waste handled by waves and currents is in a state of intermit- 
tent transit seaward, toward resting places too deep to be affected by 
the motion of the water. Hence we might reasonably expect that the 
average grain size of shelf-zone sediments should decrease with in- 
creasing distance from the shore. Indeed it was formerly believed that 
this ideal gradation commonly occurred. However, modern study has 
proved that ideal gradation is rare — ^that the distribution of coarse and 
fine sediments is patchy and bears little relation to present depths and 
distances offshore. The inference is difficult to escape that fluctuations 
of sealevel during the glacial and interglacial ages have played a large 
part in bringing this about, ; ^During the glacial ages the continental 
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shelves all over the world emerged widely,- and the time that has elapsed 
since the last glacial age has been insufficient to permit the waves to 
reshuffle the sediments into the ideal gradation seaward from the pres- 
ent shores. 

Continental-Slope Zone. On the great slopes leading from the con- 
tinental shelves down to the deep-sea floors only the finer-grained kinds 
of land-derived sediments are found. These include wind-blown as 
well as sea-borne detritus. In some areas there occur also the oozes 
characteristic of the deep-sea zone. 

Deep-Sea Zone. Thousands of samples of sediments from the vast 
area of the deep-sea floor have been brought up from the depths by 
ingenious scoops let down on wires miles in length, from vessels spe- 
cially equipped for marine exploration. Since 1935 there have been 
developed various types of bottom-sampling apparatus that can be 
lowered to any depth. These consist essentially of a metal tube, 10 
feet or more in length, that can be driven into the sea floor. The tube 
automatically closes and is hauled to the surface, bringing with it a 
core sample of the uppermost few feet of sea-floor sediments. 

Further use of such apparatus will add enormously to our knowledge 
of deep-sea sediments. The information we have at present indicates 
that vast areas are mantled with extraordinarily fine, slimy deposits 
known as oozes. Their thickness is unknown, but it may be great. 
The oozes are of several kinds and are derived from various sources. 
Red clay is the most widespread variety, occurring commonly at depths 
exceeding 13,000 feet. Apparently it consists of fine wind-blown dust 
(derived both from erosion of the land and from volcanic eruptions), 
pumice (p. 309) that has floated for a time before sinking, tiny frag- 
ments of meteorites that have fallen directly into the sea, and also the 
insoluble residues of the shells of organisms that have sunk to the 
deep-sea floor. Most of this material is thoroughly altered by chemical 
decay; in fact its red color probably results from oxidation during its 
accumulation at the slow rate of about 1 inch in 3000 years. Another 
variety is blue mud, a land-derived fine silt and clay that forms a belt 
surrounding the continental masses. Because it accumulates more 
rapidly than the red clay, oxidation of it is incomplete; therefore the 
sediment retains its blue-gray color instead of turning red. 

Other large areas of the sea floor , arc underlain by organic oozes 
formed largely of minute shells and shell fragments dropped by or- 
ganisms that live near the surface of the deep sea. One, the most 
widespread, is foraminiferal ooze (Fig. 177). It is formed largely of 
the tiny calcareous shells of Foraminifera, single-celled animals which 
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float in myriads near the surface in the warmer parts of the sea. In 
the process of reproduction the parent emerges from its shell and sub- 
divides into many daughter cells, each of which in turn secretes a new 
shell and repeats the life history of its parent. As reproduction is 
rapid, the abandoned shells drift down like a perpetual snowfall into 
the depths. 

Foraminiferal ooze rarely ocpurs at depths exceeding 16,000 feet, 
because the limy shells, dissolving as they drift very slowly downward. 


Pig. 177. Foraminiferal ooze from the floor of the Caribbean Sea, 100 miles west of 
Martinique, at a depth of 2900 feet. Albaiross expedition, 1884. (Magnified 9 times.) 

are completely consumed before they can reach greater depths. Indeed, 
limy ooze is found at lesser depths only because the water at those 
depths is more nearly saturated with calcium carbonate, and hence 
solution takes place slowly. 

Radiolarmn ooze is formed by the Radiolaria, another group of float- 
ing microscopic animals, which, unlike the Foraminifera, fashion their 
delicate and ornate shells from silica. Diatom ooze is formed by the 
accumulation of the remains of diatoms, microscopic plants, which also 
secrete minute shells of silica. 

The deep-sea floor is therefor^ a huge area in which the finest of all 
sediments are quietly and continuously accumulating. These sediments 
are added to by submarine volcanic eruptions. In high latitudes they 
are augmented a'lso by the dumping of rock fragments rafted seaward 
on floating ice. Layers of ^uch “glacial” sediments alternating with 
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foraminiferal oozes in core samples from the North Atlantic sea floor 
suggest climatic fluctuations within the recent geologic past. 

Permanence of the Deep-Sea Basins. The oozes brought up from 
the great depths give evidence that has an important bearing on the 
history of the Earth, The sands, muds, and limy deposits of the 
shelf zone are gradually converted into sedimentary rocks. These 
rocks are identical with many of the sandstones, siltstones, mudstones, 
and limestones found widespread in all the continents. For this and 
other reasons it is certain that these rocks of the continents were 
formed in shallow seas, many of them epeiric, at various times when 
the seas overspread wide areas of lowland. In spite of the many broad 
marine invasions, no continent has yielded a sedimentary rock proved 
to be a solidified deep-sea ooze, although such rocks do occur on certain 
islands. As far as this evidence may be relied on, we infer that, for 
as long a time as is recorded by the rocks, the continental masses have 
existed as features distinct from the deep-sea basins. The major relief 
features of the globe appear therefore to be very ancient and more or 
less permanent structures. 

Deposits of the Shelf Zone as Sedimentary Rocks. In examining 
the sandstones, siltstones, shales, and limestones that constitute an 
important part of the rocks of the continents, we can see the record of 
repeated marine invasions of lowlands, many of the invasions having 
formed epeiric seas. The compositions of these rocks reveal the char- 
acter and positions of the former coasts and the depths of water off- 
shore; and the relationships of the shelf-zone rocks to shore-zone de- 
posits formed at the same time enable us to locate the actual positions 
of former shores whose expression on the surface of the land was oblit- 
erated long ago. These matters are discussed in Chapter 12. 
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Chapter 12 


SEDIMENTARY ROCKS 

Fundamental Importance of ti-ie Sedimentary Rocks 

The larger part of the Earth’s land surface is underlain by sedimen- 
tary rocks; in fact, they- make up four-fifths of the total land surface 
of the globe. Igneous and metamorphic rocks constitute the remaining 
fifth. Because the sedimentary rocks are so widespread, they determine 
to a large extent the varied aspect of our landscapes. They underlie 
the vast expanses of the Great Interior Plains of the United States; 
in the northern Rocky Mountains they are sculptured into the tower- 
ing cliffs and peaks of Glacier National Park; and in the Southwest 
they are magnificently displayed in the Grand Canyon ofsthe Colorado. 
Furthermore, they contain stored within themselves the mineral fuels 
coal, oil, and gas, as well as many other valuable mineral resources. 
This fact in itself assures their great practical interest to man. To 
the science of geology they are fundamental, because they comprise 
the most informative pages of the book in which the long history of 
the Earth is written. They record the extent of former seas, the ad- 
vance of these seas over the continents and their subsequent retreat, 
the uplift of continents, and the birth of mountain ranges and their 
ultimate destruction. To indicate in a measure how we decipher these 
records is the main purpose of this chapter. 

Sedimentation 

The processes now at work on the Earth in wearing down the rocks, 
in transporting the debris, and in depositing the resulting sediment are 
explained in previous chapters. “Sediment” ordinarily means the fine- 
grained material that has settled out of a liquid; but as used in geol- 
ogy it has a far wider meaning. Not only sediments that were laid 
down in bodies of water, but also materials deposited by wind and by 
ice are included. Much coarse material also is included, as for example 
glacial and alluvial deposits containing boulders many feet in diameter, 






C. R. Longwell. 


Fig. 178. Constitution and structure of an alluvial fan as exposed in the steep side of 
stream valley. The largest boulders are 5 or 6 feet across. Grand Wash, Arizona. 


(Fig. 178). Recent delta deposits also can readily be examined. A 
reservoir may for some reason be drained; it soon becomes gullied by 
rainwash, and the sediments that have accumulated on its floor can 
then be seen in the excellent cross-sections cut by the gullies. The 
cores of deep-sea sediment brought up from the bottom of the North 
Atlantic Ocean in recent years (p. 249) give us vertical sections as much 
as 10 feet long of the material now accumulating there. The sediment 
contains shells of organisms that are living in the surface waters as well 
as those living on the muddy sea floor. Consequently we know the 
environmental conditions in which these sediments are accumulating 
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Sediments now being deposited or deposited so recently that we 
know the conditions under which they were laid down can be seen at 
many localities. In an alluvial fan, for example (p. 87) , abandoned 
stream courses radiate from its apex and give us vertical sections into 
the material of which the fan was built. These sections reveal the 
nature of that material and the details of its arrangement and structure 
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as well as to many others, we apply the uniformitarian principle of 
Lyell that the present is the key to the past (p. 9) . The facts ob- 
tained by examining sediments now being laid down under known con- 
ditions help us to interpret how sediments were formed in the past. 

The problem considered in this chapter is the inverse of that con- 
sidered in the earlier chapters, which explain the processes now visibly 
operating on the Earth. The problem now before us is one frequently 
met in geology. It is this: Given a sedimentary rock, what can we 
infer as to the conditions that prevailed during the deposition of the 
sediment from which the rock was formed? Whence came the ma- 
terial that makes up the rock? Was the material carried to the place 
of deposition by water, wdnd, or ice?. In short, how much information 
can we elicit from the given sedimentary rock? 

To answer this question we must determine the mineral composition 
of the given rock; what structures are produced by wind, water, or ice 
as transporting agents ; what features indicate that the sediment was 
laid down in the sea or on the continents; and how the sediment was 
converted into rock. 

Obigin and Kinds of Sediments 

In preceding chapters we have seen how erosion tends to reduce the 
land area of the globe to sealevel. The products of this ceaseless attack 
are twofold; one, mechanical, comprising bits of rocks and minerals, 
collectively called detritvs (de-trftus) ; and the other, chemical, com- 
prising dissolved substances such as calcium carbonate. These are 
carried away by a transporting agent, and eventually the detritus is 
dropped by streams, wind, or ice as a mechanically deposited sediment. 
Dissolved matter is carried to the sea or to interior bodies of water, 
such as Great Salt Lake and the Dead Sea, where part of it is even- 
tually precipitated in consequence of some chemical or physical change 
in the body of water. Conceivably therefore there are three classes 
of sediments; (1) detrital^ sediments that have been deposited me- 
chanically from the transporting agent; (2) chemical sediments formed 
of compounds that either have been precipitated from the solvent or 
else have been withdrawn from the solvent by the physiologic processes 
of plants and animals; and (3) sediments formed by combination of 
the two modes of deposition, 

1 Detrital, fragmental, and clastic are synonymous. 
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MECHANICALLY DEPOSITED SEDIMENTS 

' Detrital Sediments. Detrital sediments are classified chiefly on the 
basis of the size of their dominant particles as gravel, sand, silt, and 
mud or day. Gravel is a coarse sediment comprising boulders, cobbles, 
and pebbles. Sand is composed of grains smaller than gravel, genc-rally 



Effects of stream wear, as shown by degrees of rounding of pebbles, 
pebbles about 2 inches long. 


like granulated sugar in size. Silt and clay are composed of the very 
finest-grained products of erosion, so fine-grained in fact that, unlike 
sand grains, they cohere when wet. 

Sand grains and the coarser detritus in gravels are more or less round. 
At its source the detritus consists of irregular, angular pieces of rock 
bounded by joints or fracture surfaces, but as the result of impact and 
abrasion during transport the fragments lose their edges and corners. 
The farther they travel the more rounded they become (Fig. 179). 
Perfectly homogeneous rock fragments become spheroidal or spherical. 
Fragments having planes of weakness, such as cleavage or foliation, 
become ovoids or flat disks. Thei’efore angular and subangular frag- 
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irients in a gravel indicate that tliey have been carried no great dis- 
tance from their parent rock. As the pebbles of softer and less coherent 
rocks wear away faster than the more resistant fragments, durable 
materials, such as quartz and rocks composed of quartz, and tough 
coherent rocks, such as basalts, predominate in well-rounded gravel. 
On the other hand, gravel consisting of pebbles that have not been 
transported far may contain less durable minerals and rocks, such as 
feldspar, schist, and limestone. Limestone fragments rarely occur in 
gravels because, being soft, they are readily abraded and, being soluble, 
they tend to be dissolved. In the gravels of arid regions, however, lime- 
stone fragments are common because of the scarcity of running water 
to abrade and to dissolve them. 

Large sand grains become more thoroughly rounded than small 
grains. The smaller grains, cushioned by the buffer action of the film 
of water surrounding each grain, become rounded with difficulty or not 
at all, as is shown for example by the fact that most of the grains de- 
posited at the mouth of the Mississippi River are angular despite their 
long transport. They are below the size at which rounding by water 
is effective. In general river sands are more angular than lake or 
marine sands. Wind-blowm sands are the most conspicuously rounded, 
and in the so-called millet-seed sands, common in some deserts, the 
grains are perfect spheres whose dull-lustered surfaces resemble ground 
glass, the result of natural sandblast action. 

Quartz is the commonest constituent of sand because of its great 
hardness and chemical indestructibility. Because of the prevalence of 
quartz, “sand” has commonly come to mean quartz sand. “Sand” re- 
fers only to the grain size of the particles, and many sands contain rock 
fragments and minerals other than quartz, such as feldspar. On the 
beaches of coral islands the “sand” particles are made up of broken 
bits of coral and other organic remains. 

In silt and especially in clay, quartz is present in but minor amount, 
and finely flaky minerals predominate. The reason for this predomi- 
nance is that during transport the flaky minerals, because they cleave 
readily, become comminuted to extremely minute flakes, and these 
minute flakelcts, because they tend to float, are slow in settling to the 
bottom. They are so minute, in fact, that most of them can not be cer- 
tainly identified even with the most powerful microscope. Conse- 
quently in recent years the more potent method of identification by 
X-ray analysis is being used, and, latest -of all, they are being studied 
with the electron microscope, which gives magnifications up to 100,000 
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times. In this way the mineral composition of even such minutely 
grained aggregates as clays is at last being established. 

Clay has the supremely important technologic property of being 
moldable, or plastic, by virtue of which it can be fashioned when wet 
into any desired shape and retains this shape on drying. This plas- 
ticity is caused by the content of flaky minerals and by the fact that 
the flaky minerals composing clay are surrounded by films of water, 
which act as a lubricant and facilitate slipping of the flakes into new 
positions when a mass of clay is forced to change its shape. 

Clay, as the product of the deposition of the finest detritus, has a 
wide range of composition. Its most characteristic components are the 
flaky minerals already mentioned that are mainly hydrous silicates of 
aluminum,^ but include also white mica and chlorite. 

PHYSICO-CHEMICALLY FOBMED SEDIMENTS 

There remains now to account for the fate of the matter taken into 
solution during erosion of the land. Every square mile of the 40 mil- 
lion square miles of the Earth’s surface that drains to the sea con- 
tributes yearly 70 tons of dissolved matter, mainly calcium carbonate 
and silica, but also other substances. In part this material, is with- 
drawn from the sea by chemical precipitation, as by the action of some 
reagent or by some physical change such as rise of temperature, as well 
as by the physiologic processes of plants and animals; in part it re- 
mains dissolved and accumulates in the sea, thus increasing the salt- 
ness of the sea slowly, exceedingly slowly in fact. Many times in the 
geologic past, arms of the sea have evaporated sufficiently to cause the 
dissolved salts to be thrown down as extensive beds of rock salt. In 
the Mid-Continent region salt beds estimated to contain 30,000 billion 
tons of salt were laid down. Vast as such deposits are, they are mere 
bagatelles compared with the enormous deposits of calcium carbonate 
that have been laid down by the sea (1) by inorganic processes, such 
as precipitation caused by a decrease in the carbon dioxide content of 
the sea water; and (2) by the organic agencies of plants and animals 
whose vital processes withdraw from solution the chemical compounds 
that are fixed in the organisms. By photosynthesis algae extract car- 
bon dioxide from water; in consequence, the calcium bicarbonate in 
solution is changed to the highly insoluble compound calcium carbo- 

1 Called the “clay minerals,’’'' chiefly kaolinite, montmorillohile, illite, and hal- 
loysite. ' , ' ' ■ . ' 
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nate, which is therefore precipitated on the plant surfaces. Bacterial 
activity also has been supposed to cause the precipitation of calcium 
carbonate from water carrying calcium bicarbonate in solution. Corals 
and other lime-secreting organisms extract calcium carbonate from sea 
water to form their skeletons or shells. The silica dissolved in the sea 
is kept down to a vanishingly small amount because it is being steadily 
extracted by silica-secreting organisms, chiefly diatoms, radiolaria, and 
sponges (p. 250). 

PYEOGLASTIC SEDIMENTS 

When the material blown out during volcanic eruptions settles out 
of the atmosphere, it forms 'pyroclastic sediments (Chap. 13). Be- 
cause of their volcanic origin they differ ’ from ordinary clastic sedi- 
ments, which are made of material derived from the destruction of 
older rocks by weathering and erosion. Pyroclastic rocks comprise 
many extensive deposits. The finer pyroclastic material (the so-called 
volcanic ash) forms the most widely continuous deposits known. A 
single mighty eruption, such as that of Tamboro in 1815, can spread a 
continuous deposit over an area of 1,000,000 square miles. 

The rocks formed by the consolidation of these sediments are called 
tuff and volcanic breccia. They can be regarded as igneous yocks 
because they are formed by igneous activity; on the other hand they 
can be regarded as sedimentary rocks because they are made of frag- 
ments that accumulated according to the laws of sedimentation. Here 
they are treated as sedimentary rocks, but they form an exception to 
the rule that sedimentary rocks consist of materials derived from the 
erosional destruction of older rocks. 

SEDIMENTS OP SPECIAL TYPES 

Wind-blown sand and silt; glacial detritus, such as till; and car- 
bonaceous materials, such as peat, are sediments of special types. They 
are of much interest and importance, both practical and scientific, but 
in bulk they fall far behind those already mentioned. 

Kinds op Sedimentary Rocks 

Naturally the origin and kinds of sedimentary rocks are determined 
chiefly by the nature of the sediments from which they are formed, for 
a sedimentary rock is merely a sediment that has been converted into 
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rock. The principal detrital sediments and resulting sedimentary rocks 
are, according to a somewhat simplified scheme, as follows : 

Sediments Consolidated Equivalents 

Gravel Conglomerate and breccia 

Sand Arenite 

Sandstone, made up of quartz fragments 
Calcarenite, made up of calcareous frag- 
ments 

Silt Siltstone 

Mud Lutite 

Argillaceous (shale) 

Calcareous (calcilutite) 

Pyi’oclastic sediments Tuff and breccia 

The most practical classification of sedimentary rocks at present is 
based on chemical composition. On this basis they fall into the fol- 
lowing classes: 

I. Siliceous rocks. 

IL Argillaceous rocks. 

III. Carbonate rocks, mainly limestone and dolomite. 

IV. Other rocks, e.g., phosphate rock, iron-ore rocks. 

CONVEESION OF SEDIMENTS INTO RoCKS 

Sediments as initially deposited are generally loose, incoherent, and 
highly porous. They bepome converted into rocks by compaction, by 
the deposition of cement in the pore spaces, and by physical and chem- 
ical changes in the constituents. Not all these processes necessarily 
affect every sediment. As the result of any or all of them the sediment 
is made firmer, harder, more coherent — it has become consolidated into 
a rock. 

Com, paction reduces the initial large porosity of clay sediments. A 
growing mass of sediment increases in thickness, and the upper beds 
press more and more heavily on those under them. In clays this sedi- 
mentary loading crowds the grains together, diminishes the pore space, 
and squeezes the water out of the pore space. A freshly deposited clay 
has a porosity of 50 iier cent or more. By the time the clay has been 
buried 1000 feet it has become compacted to 80 per cent of its initial 
volume; and at 5000 feet it has been reduced to one-half its initial 
volume. Such highly compacted clays have become shales; that is, 
they no longer become plastic when mixed with water. Although com- 
paction greatly increases the density of clay, probably a chemical 
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change involving dehydration of the constituent clay minerals is the 
actual cause that changes the clay into shale. The sedimentary load- 
ing is accompanied by a rise of temperature, the result of the geothermal 
gradient, and although the rise is small it probably suffices to dehydrate 
clay minerals and to destroy their plasticity. 

Another process potent : in converting some sediments into rocks is 
due to the property of gelatinous constituents— the mineral jellies (the 
hydrates of silica, alumina, and iron) — ^to change spontaneously soon 
after coagulation, whereby they lose water and harden. Silica jelly 
(or “gel”) when freshly precipitated is a soft, gelatinous mass;' on 
aging, as the chemists say, it hardens into opal, and the opal may later 
crystallize into chalcedony. Changes of this kind, though affecting 
only the mineral jellies distributed in small amount through the mass 
of a sediment, can greatly increase its coherence and hardness. 

Cementation is the deposition of mineral matter in the spaces be- 
tween the grains of sediment. The most common cements are calcite, 
silica in the form of quartz or chalcedony, and iron oxide. These ce- 
ments may have been deposited concurrently with the crystallization 
of any gels that were disseminated through the sediments, or they may 
have been brought in later either from the adjacent body of sediment 
or from afar, by ground water moving through the pore spaces. 

The conversion of a sediment into rock as a result of compaction, and 
of the hardening caused by the aging of the gelatinous constituents, 
may go on practically contemporaneously with accumulation. How- 
ever, it is generally postponed, and in some sediments it may never 
occur. The older sediments are generally more thoroughly consolidated 
than the younger. Formations of geologically recent origin consist as 
a rule of loose or incoherent material ; the more ancient formations con- 
sist of hard rocks. A most remarkable exception to this general rule is 
afforded by the Paleozoic sediments of Russia and adjacent parts of 
Finland. In Karelia, Finland, is an ancient clay, of Cambrian age, 
which is commercially used in preference to the clays of Recent age. 
The Cambrian clay has remained unchanged since it was deposited as 
sediment on the floor of the Cambrian sea half a billion years ago and 
has kept its plasticity after this tremendous lapse of time. In Russia a 
Carboniferous limestone is so loose and crumbly that it resembles the 
chalk of western Europe, which is tens of millions of years younger, 
and the coal near Moscow, though older than the coals of the world’s 
principal producing districts, has not advanced beyond the stage of 
lignite, the stage so typical of the immensely younger “brown coals” 
of Germany. That these ancient sediments have not been consolidated 
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is doubtless due to the facts that they have never been buried under a 
heavy load of superincumbent strata and that they have remained un- 
disturbed because they are iii a region of great geologic tranquillity. 


Steatification 


As seen from the rim of the Grand Canyon of the Colorado, the most 
striking features of the view are the layering of the sedimentary rocks 


C. R, LongweU. 


Fig. 180. Stratified sandstone And shale. Near Morgantown, West Virginia. 


in the walls of the gorge and the marvelous and varied colors of these 
layers. Each layer is a bed, or stratum (plural, strata). Individual 
strata may differ greatly in thickness, ranging from those hardly more 
than a film in thickness to beds many scores of feet thick. An in- 
dividual stratum is generally separated from the one below it and from 
the one above it by a surface of discontinuity. As a rule the rock can 
be readily separated along these surfaces. Such surfaces of disconti- 
nuity are called bedding planes or stratification planes. Stratification 
is the term applied to this arrangement in layers (Fig. 180) , an arrange- 
ment well shown in the canyon cut;hy the Colorado River and in count- 
less other river canyons of ’lesser depth.- Stratification is generally easy 
to recognize, because strata may differ from their associates in color, 
composition, or texture, or in h-H threO.; The Coconino sandstone of the 
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Grand Canyon can be recognized at many miles’ distance by the clear 
white color that sets it off from adjacent beds, and in the same way the 
Iledwall limestone catches the -eye by its bright red color. 

Stratification is generally the most easily recognized structural fea- 
ture of sedimentary rocks, but' it is simulated in places by other struc- 
tural features, such as joint planes and the cleavage of slates. Because 
stratification is fundamentally significant in determining the geologic 
structure of a region, ability to distinguish it with certainty from all 
apparently similar features is of prime importance. 

Not all sedimentary rocks show stratification. Such absence of bed- 
ding planes in a rock suggests that it was formed in some of the less 
common ways in which sediments are known to have been deposited, as, 
for example, the deposition of till by a glacier. 

Sedimentary strata forming today under standing water as on the 
bottom of the sea, or a lake or a gulf, are horizontal or nearly so. 
Similarly, streams that are depositing their load have a low gradient; 
consequently the resulting stratified sediments are nearly horizontal. 
Therefore,, strata that are nearly horizontal, as in Fig. 180, are said to 
be undisturbed, that is, in the attitude in which they were originally 
deposited. In many places, however, we find strata that are not hori- 
zontal, but are inclined or even stand vertically. We are then forced 
to conclude that the strata have been tilted from their original posi- 
tion: in short, that they have been disturbed; in many places they have 
been profoundly disturbed. This, conclusion, now a commonplace in 
geology, carries so many astounding implications that it required hun- 
dreds of years to become generally accepted. 

Sedimentary rocks have been forming ever since the first rains fell 
on our planet. Since then some 500,000 feet of strata (100 miles !) have 
been laid down. No such immense pile has been deposited in any one 
place, however. The exceptionally deep gash in the Earth’s crust cut 
by the Colorado River exposes a pile of horizontal sedimentary rocks 
only 4000 feet thick. The deepest well so far drilled has penetrated 
sedimentary beds to a depth of 17,823 feet ^ without, however, having 
gone through their full thickness; sensitive geophysical instruments 
used in exploring for deeply concealed mineral resources show that the 
stratified rocks extend in places to depths of 30,000 to 40,000 feet. It 
is a notable fact in geologic history that, wherever sedimentary rocks 
have accumulated during a contintious period of sedimentation to a 
thickness of 40,000 feet or thereabouts, the resulting pile was subj ccted 

1 As of December, 1947.; 
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to powerful movements that acutely folded the strata and ended further 
deposition of sediments in that particular tract of sedimentation (p. 
460) . Forty thousand feet appears to be the maximum thickness of 
material deposited in any one basin of accumulation. 

Stratification is commonly caused by changes in velocity of the 
transporting agent. An obvious example is afforded by the fine silt 
and clay that is deposited upon coarse gravels during times of dimin- 
ished flow of water on an alluvial fan. Current velocity may fluctuate 
daily, as on the outwash plain fronting a glacier, where the transport- 
ing competence of the streams varies enormously with the time of day. 
Such variation is vividly impressed on anyone who has had to ford the 
braided netw'ork of streams flowing out from a glacier: low water in 
the cool of the morning wflien melting of the ice is at a minimum, and 
flood water in the heat of the afternoon, w^hen the continuous bumping 
of boulders moving downstream can be heard. 

More commonly changes in the velocity of streams are seasonal, be- 
cause of floods during the rainy season and low water during the dry 
season. 

In the sea the normal arrangement of sediments is this: coarse ma- 
terial lies near the shore and grades seaward into fine material — ^muds. 
In times of storm, however, when a strong undertow develops, the 
coarse sediment is moved out into deeper water and is laid down on 
the muds that had accumulated earlier during periods of calm. This 
alternation of storm and calm produces an interstratification of coarse 
and fine sediments. 

Another cause of stratification is a change in the kind of material 
that is being fed into the basin of deposition. Limestone beds alter- 
nating with shale beds indicate a marked change in composition of the 
material brought into the basin of deposition: the limestones record 
clear seas free from land-derived waste, whereas, the shales record an 
influx of muddy sediments. 

Some sedimentary rocks show a regular alternation of material of 
two kinds, giving rise to the so-called banded rocks, from the banding 
seen on their outcrops. Layering of this kind suggests the influence of 
some naturally occurring rhythm: to account for the thinner layers (the 
laminae), ebb and flow of the tide and alternations of summer and 
winter have been suggested. Other cycles have been suggested to ac- 
count for the thicker layers (the Sun-spot cycle of 11 years, and still 
longer cycles) , but convincing proof has not yet been found. 

The summer and winter layering caused by the annual march of the 
seasons appears to be wpll developed in certain sedimentary deposits. 



.. -■ :r-'. . 


SEDIMENTARY ROCKS 


A deposit formed during one year is called a mrue, regardless of 
whether it was formed in the sea, a lake, or elsewhere. Most varves 
consist of two thin laminae of differing color and composition. Such 
laminated sediments occur in glacial clays, in which summer, the time 
of high water, is represented by a silty lamina and winter by a lamina 


W. H. Bradley, V. S. Oeologicdl Survey. 


Fig. 181. Laminated lake sediment, from the Green River formation, Colorado. 
Shows annual layering (varying), the light-colored laminae having been deposited during 
the summers and the dark laminae during the winters. (Enlarged 3 diameters.) 


of very smooth- feeling, “fat” clay. That each couplet of silt and clay 
represents the deposit formed during a single year, like a tree ring, is 
well established, so that the couplet can confidently be called a varve. 
Recognizable annual deposits are now forming in some lakes; and they 
are thought to have been recognized in certain marine shales, in playa 
clays, in dune sands, and in the marine salt deposits that occur in 
Stassfurt, Germany, and in Texas, The regular repetition of layers 
made up of laminae of unlike composition is easy to recognize, but to 
establish that each layer represents a year is , difficult, and so far con- 
clusive evidence is not at hand, for all laminated sediments suspected 
of being varves. The recognition of varves is a matter of great interest, 
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however, for varves give us a means of eventually establishing a 
chronology based on years. 

A laminated lake sediment regarded as of varved origin is shown in 
Fig, 181; it is from rocks known as the Green River formation, in 
Wyoming and Colorado. Each varve consists of a pair of laminae; 
one lamina is composed largely of calcium carbonate, and the other is 
much higher in carbonaceous matter and hence much darker. During 
the summer the lake warmed up, consequently calcium carbonate was 
abundantly precipitated, and the production of floating microscopic 
organisms reached its annual maximum. The carbonate, being heavier 
than the organisms, sank promptly and formed a light-colored lamina, 
which thus records the summer. The organisms, composed largely of 
organic matter, sank more slowly, however, and so most of the organic 
matter settled during the winter upon the lamina deposited during the 
summer. The pair of laminae, thus interpreted, record a year; they 
constitute a varve. By counting and measuring the varves in the Green 
River formation, which is 2600 feet thick, it is estimated that between 
5 million and 8 million years were required to deposit the formation. 

CoLOBs OF Sedimentary Rocks 

A prominent feature of many sedimentary rocks is their color. As 
seen in natural exposures the color generally differs from that seen on 
freshly fractured surfaces. The colors seen in canyon and cliff are the 
results of weathering and generally are only skin deep, but they en- 
hance strikingly the picturesque qualities of such country as the Grand 
Canyon, the Painted Desert, and Zion National Park. As a rule, the 
color of the weathered rock is warmer and more brilliant than the in- 
trinsic or proper color of the unweathered rock as shown on fresh frac- 
ture. To illustrate: the cliffs on the western slope of the Bighorn 
Mountains, in Wyoming, are strikingly scarlet but the rock of these 
cliffs when freshly broken is pure white. 

The inherent color of a sedimentary rock is determined by the color 
of the predominant mineral of which it is composed, and by the nature, 
amount, and mode of distribution of the pigment in the rock. Carbona- 
ceous matter and iron compounds are the chief pigments. They are 
present in small amounts, from a fraction of 1 per cent to several per 
cent, but the thickness of the coating of these pigments around the 
sedimentary grains is probably- the chief factor in producing the colors 
of the rocks. 
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Carbonaceous matter colors sedimentary rocks dark gray and black. 
On exposure to light the carbonaceous matter bleaches, so that rocks 
thus pigmented are lighter in color on natural exposures than they are 
on freshly broken surfaces. Carbonaceous pigment originates from the 
alteration of organic matter that was buried with the sediment. 

Iron compounds, mainly ferric oxide and ferric hydrates, containing 
iron in its most highly oxidized form, are powerful coloring agents. 
Ferric hydrates give yellowish red, brown, and maroon tones. Hema- 
tite, the anhydrous ferric iron oxide (FeaOs), produces red tones. A 
sandstone or shale containing much less than 1 per cent of finely dis- 
seminated hematite is likely to be brick-red or vermilion. In the pres- 
ence of reducing agents, such as carbonaceous matter and hydrogen 
sulphide, both of which are products of decaying animal and vegetal 
matter, ferric iron becomes reduced to the ferrous state, in which state 
the iron forms much less conspicuously colored compounds. 

Red sedimentary rocks have long excited special interest because of 
their striking color. Some are associated with beds of rock salt and 
gypsum formed by evaporation of large bodies of salt water, and they 
are common as sandstones and conglomerates containing undecomposed 
feldspars. That the feldspars are not decomposed indicates that the 
rocks from which they were derived were destroyed by mechanical 
erosion faster than they were by chemical decay. Either a cold climate 
or an arid climate would favor the preservation of feldspars in un- 
altered condition, but so would very rapid mechanical erosion and de- 
position, even in the warm, moist climate of the tropics. Red beds 
commonly have features indicating that they might have formed in 
warm, arid regions, and this fact has inclined many to regard all red 
sedimentary rocks as having been formed under the influence of warm, 
arid climates. Opposed to this belief, however, is the fact that the 
regions in w^hich red soil is now forming are warm and humid, whereas 
most deserts have dun or brownish soils. As soils are the chief sources 
of the sediment laid down by streams, the most prolific source of red 
detritus is manifestly the soils of warm, humid lands whose relief 
is sufficient to insure free underground movement of the oxygenated 
water of the rainfall. 

In low, swampy tracts, vegetation is luxuriant, and the resulting 
abundant decaying vegetal matter causes strongly reducing conditions. 
Therefore, if a red soil formed in a humid region is carried by erosion 
into low-lying swampy tracts and deposited there, its red color wdll be 
destroyed by reducing agents, and the resulting sediment will be dark 
colored; consequently red deposits are not lively to form in moist 
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regions. However, in deserts and in regions of seasonal rainfall, vege- 
tation is sparse and the soil becomes dry during the period of drought, 
and consequently the humus is destroyed by oxidation. Reducing con- 
ditions are therefore absent, and if red sediment is washed in from the 
moister uplands it is likely to remain red. 

Owing to the abundance of life in the sea, reducing conditions gen- 
erally prevail on the sea floor; consequently, most marine sediments are 
not red. Nevertheless, where red sediment is swept into the sea in large 
quantity the organic matter on the sea floor may not suffice to reduce 
all the ferric iron. As a modern example we find that red mud is ac- 
cumulating off the mouth of the Amazon and other rivers draining areas 
of lateritic soil (p. 48) ; in time these red muds will doubtless be con- 
verted into red rocks. As a matter of fact, many red sedimentary rocks 
contain abundant marine fossils — clear proof that these red rocks were 
formed in the sea. 

In conclusion, red strata occur chiefly in terrestrial formations, 
especially in those that accumulated in warm arid or semiarid regions ; 
but redness is not in itself proof that beds so colored were deposited 
in any particular environment. 

The problem of the origin of red beds illustrates the principle that 
similar rocks may be formed in several different ways. The correct 
interpretation of such rocks requires the gathering of all available evi- 
dence and its critical analysis. Nevertheless, in the present state of 
our knowledge, the evidence we can acquire may prove to be insufficient 
to give a definitive answer. 

Other Characteristic Features 

There are other characteristic features of sedimentary rocks not so 
universally prevalent as stratification and color but nevertheless of 
common occurrence and of great value as indicating the conditions 
under which the sediments were deposited. 

Mud Cracks. Certain low flat places, such as a quarry floor or a 
shallow concrete ditch beside a highway, are favorable places for the 
accumulation of mud after a heavy rain. Anyone who has seen this 
mud after it has dried for several days. in the sun and wdnd will notice 
that the mud has shrunk and cracked into highly irregular polygonal 
blocks. An example of unusually regnlar cracking is shown in Fig. 182. 
Shrinkage cracks thus formed are called mud cracks. On further ex- 
posure the blocks of mud bake and harden. Later, if there is a pro- 
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longed dry spell, wind-blown sand or silt may cover the surface and fill 
the cracks with sediment that is coarser than the material of the mud- 
cracked layer. The form of the polygonal blocks is thus preserved, even 
if the mud flat is again inundated. Mud-cracked layers formed in this 
way can later become hardened into beds of shale and sandstone, and 
after geologic ages become exposed to view by the work of erosion. The 
fossil “mud cracks” will then be revealed on the bedding planes. If 


C. B. Longwell. 


Fig. 182. Mud cracks formed in the playa of Pintwater valley, Nevada. 


the beds are in a tract that became involved in one of the revolutions 
that have affected the Earth’s crust and have been turned so that their 
topsides are now down, the mud cracks give us the means to determine 
this fact, for in their original position the cracks tapered downward 
and they now taper upward. 

Clearly the conditions that favor the formation and preservation of 
mud cracks are ideal also for preserving the footprints of animals that 
may have walked or run over the soft mud soon after it was deposited. 
Footprints and mud cracks therefore commonly occur together in sedi- 
mentary rocks, although not many mud-cracked rocks show footprints. 
Similar conditions favor the preservation of raindrop imprints, mark- 
ings that record the fall of a. brief shower while the mud flat was ex- 
posed to the atmosphere. Singular, reflections cross the mind of a 
geologist who surveys the impressions of raindrops in an ancient shale 
recording a transient shower that fell millions of years ago ! 
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The most favorable places for mud cracks to form are the floodplains 
of large rivers, the landward portion of large deltas, and the wide fiat 
shores of shallow lakes that shrink or disappear during the dry season. 
Marine tidal flats, in spite of their alternate wetting and drying, are 
unfavorable for forming mud cracks, because the mud has not sufficient 
time to dry thoroughly before the tide returns. Mud cracks form to a 
minor extent, however, at the upper margins of estuaries where the 
spring tides reach for only a few days in each month. 



E. M. Kindle, Geological Survey of Canada. 


Fig, 183. Current-formed ripple marks expo.sed at low tide, near Windsor, Nova Scotia. 
The current flowed from left to .right. 


Mud cracks can form under both subaerial and subaqueous condi- 
tions.^ Some marine formations therefore contain mud-cracked beds. 
Notable examples of mud cracks formed under subaqueous conditions 
have been found in the rocks of Glacier National Park, 

Ripple Marks. Where a current moves sediment along the bottom 
of a body of water the surface of the resulting deposit develops parallel 
ridges that resemble the ripples on the surface of a pool of water. 
These ridges are known as ripple marks. Every retreating tide 
leaves ripple marks along the beach. They are formed also by wind 
action on sand dunes. Ripple marks made by currents retain their 
form and migrate slowly in the direction in which the current is 

1 Mud cracks have been experimentally formed under water by the spontaneous 
dehydration of sediments of colloidal grain size, a phenomenon known to chemists 
as syneresis. 
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flowing, because sand grains are swept by the current up the current- 
ward side of the ripple ridge and roll down its leeward slope. Current- 
formed ripple marks are therefore asymmetric, the currentward side 
having a gentle slope and the lee side a steeper slope. The direction 
of flow of the current is thus autographed in the form of the ripple 
mark (Fig. 183). 

Oscillatory waves that touch bottom cause ripple marks to form by 
moving the sedimentary particles to and fro. Well-developed oscilla- 
tion ripple marks are symmetric, thus contrasting with current-formed 
ripple marks (Fig. 184) . 


A 


Fig. 184. Asymmetric profiles of • current-formed ripple marks (A) contrasted with the 
symmetric profiles of oscillation ripple marks (B) . 

Current ripple marks are formed wherever currents flow over sandy 
or silty surfaces, whether the currents are winds on the land, currents 
in the streams, or currents in the sea. Oscillation ripple marks, how- 
ever, form only under standing water, at depths not too deep to be 
touched by wave action. Storm waves in the sea ordinarily are in- 
effective below 200 to 300 feet, but exceptionally they produce ripple 
marking at depths of 600 feet or more. 

Cross-Lamination. Some sedimentary deposits show a remarkable 
oblique layering, or lamination, extending diagonally across the indi- 
vidual beds. This arrangement in laminae inclined to the general 
plane of stratification is called cross-lamination. It is known also as 
cross-bedding and false-bedding. The' real bedding is at right angles 
to the direction in which the deposit grew upward. Cross-lamination 
is developed whenever a sediment-laden current of air or water passes 
over the front edge of an embankment and spills the sediment over the 
slope. Anyone who' watches a truck dumping dirt over the front of a 
fill can see how cross-lamination of this kind is formed. In nature the 
growing embankment may be the front of a sand • dune deposited by 
the wind; and, in water-laid deposits, it may be the edge of a delta, 
the front of a gravel bar, or the front of a current ripple. The sedi- 
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h'ig. 185 ■ Diagonal cross-lamination in sandstone. Hear Zion National Dark, 
Utah. 


ment thus spilled over the slope comes to rest at an angle inclined to 
the general surface of deposition (Fig. 185). 

The pattern of the structure produced by cross-lamination ranges 
from simple, in which all the cross laminae slope in one direction, to 
highly complex, in which the laminae slope in many directions, the 
result of successive truncations of the lower sets of laminae by the 
upper (Fig. 186). These two kinds represent the two fundamental 
types of cross-lamination: (1) that produced by uninterrupted deposi- 
tion over an embankment, and (2) that produced by deposition inter- 
rupted by episodes of partial erosion. 

Beds that are cross-laminated range from thin to very thick. In 
wind-blown deposits an individual bed may be as much as 10 feet or 
more in thickness, but in water-laid silts the individual cross-laminated 
bed is generally only h fraction of an inch thick. 

The cross-lamination in many dune sands is characteristic of their 
origin. The oblique layers are inclined in many directions within 
short distances, owing to the -gustiness of the winds that formed the 
dunes. The crescentic front of traveling dunes also causes the oblique 
layers to slope in different directions, but a statistical evaluation of 
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H, E. Gregory, U. S. Geological Survey, 

Complex cross-lamination in sandstone, called festoon cross-lamination be- 
cause of prevalent curved surfaces. Glen Canyon, Utah. 
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Fig. 187. Concretions that have weathered out of the shale 
Montana. 


I closing them. Near Havr. 
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many measurements will allow us to determine what was the direction 
of the prevailing wind. Two features useful in distinguishing eolian 
cross-lamination from fluvial and marine cross-lamination are: (1) few 
or none of the surfaces that truncate the oblique laminae in dunes arc 
horizontal, whereas in water-laid sediments these surfaces as a rule are 
horizontal or nearly horizontal ; (2) although most laminae are concave 
upward, as they are in water-laid sediments, in dunes the layers locally 
arc convex upward. The cross-lami- 
nae that are thus convex upward rep- 
resent the temporary summits of 
dunes formed during the upward 
growth of the sand, deposit as a 
whole. 

As the cross-lamination in depos- 
its not of eolian origin is so com- 
monly concave upward, this feature 
can be used to determine the origi- 
nal tops and bottoms of beds that 
have been highly tilted or overturned 
by crustal disturbance. 

Concretions. Some sedimentary 
rocks contain nodular bodies called 

Fig. 188 . Half of a ball-like concr^ concretions . These noclules differ in 
tion, whion bass been split m two, reveal- . , , . ,, , , 

ing an inclosed lobster claw. Composition fi'om the rock enclos- 

ing them. They are remarkably di- 
versifled in form: some are spherical or ellipsoidal, others are flat and 
ring-shaped, and still others are of extraordinarily odd and fantastic 
shapes. They range from a fraction of an inch to many feet in di- 
ameter. They are composed of one of the minor constituents of the 
inclosing rock; thus in chalk and limestone they consist of minutely 
crystalline silica and form the well-known flint nodules; in sandstone 
they consist of iron oxide or calcium carbonate; and in shale, of cal- 
cium carbonate or iron sulphide. The bedding planes of the inclosing 
strata persist through some concretions, a feature proving that these 
particular concretions grew in place after the inclosing strata had 
formed. Some large concretions, which have weathered out of the 
inclosing shale, are illustrated in Fig. 187 and show clearly that the 
stratification passes through them. 

Manganese nodules partly encrusting sharks' teeth have been dredged 
from the depths of the, ^ea, sho^wing that some concretions form while 
the sediment is accumulating, l^ut most concretions have grown in the 



<?. S. Hume, Geological Survey of Canada, 



SEDIMENTARY ROCKS 


inclosing sediments after the sediments were deposited. Many concre- 
tions contain at their center a fossil, which served as a nucleus that 
caused the mineral matter of which the concretion is composed to ag- 
gregate around it. Some concretions inclose remarkable imprints of 
fern leaves, insects, and marine animals. Nine out of every ten con- 
cretions in the Bearpaw shale of Alberta, when split in two, reveal a 
lobster claw (Fig. 188). 


Fig, 189. Rook containing fossils of marine shells. 

Fossils, Fossils (Latin fossiles, from fodere, to dig up) are the re- 
mains or imprints of animals or plants that were buried in the accumu- 
lating sediments (Fig. 189). As an adjective “fossil” has a much wider 
denotation, however, as shown by such phrases as fossil raindrop im- 
prints, fossil deserts, and many more. The sedimentary rocks them- 
selves are often characterized as “fossil sediments.” 

As fossils represent the animals and plants that were living while the 
inclosing sediments were accumulating, and generally in the same place 
in which the sediments were being deposited, they inform us as to the 
conditions that prevailed during that time.’ They tell us, for instance, 
whether the beds were laid down . upon, the land or under water, salt, 
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brackish, or fresh. Fossils are in fact the chief means for distinguishing 
marine from nonmarine sediments. Marine sediments contain marine 
shells, which are readily distinguished by. their characteristic features 
from fresh-water shells. Land-laid sediments may contain the remains 
of land plants and bones of land animals. Inferences as to environ- 
mental conditions during deposition, based on content of fossils, must, 
however, be made with discretion, because land plants and animals 
sometimes drift out to sea and become inclosed in marine sediments. 

No organisms are preserved entire in the rocks; only the hard parts, 
such as shells and bones, as a rule remain. These parts may be pre- 
served unchanged, but commonly the material of which they were built 
by the living organism has been dissolved and carried away by circu- 
lating solutions, and new material has been substituted so perfectly 
that the original form and the details of its structure are exactly pre- 
served. Petrified wood, whose woody tissue was removed and for 
which silica was concurrently substituted, is a well-known example of 
such replacement (p. 130) . . Under certain circumstances the shell or 
hard part may even be wholly removed by water moving through the 
strata, and only an imprint or a hollow mold is left in the rock. A 
natural mold of this sort may later become filled with mineral matter, 
and this filling is a copy, or natural cast, of the former living organism. 

Something of the climate of the region at the time of deposition can 
be inferred from the fossils found in the rocks. For example, fossils 
of palms and alligators are embedded together in certain formations in 
the Badlands of South Dakota, and they indicate that a tropical climate 
once prevailed there. Fossils are indispensable in deciphering the long 
history of the Earth and its inhabitants; in fact they are the funda- 
mental basis of geologic chronology. As such they are considered in 
detail in books on historical geology. 

Stratigeaphig Relations 

Relative Age of Strata. The stratified rocks are formed by the de- 
position of layer upon layer of sediment; consequently each stratum is 
younger than those below it. The youngest stratum is at the top and 
the oldest is at the bottom of any pile of strata. Many conclusions on 
the structure of a region and the succession of geological events rest 
upon this self-evident principle; 

Grouping of Strata into Sedimentary Formations. An assemblage 
of rock masses that have been grouped into a unit for convenience in 
description or mapping is termed a formation. A succession of strata 
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that were deposited more or less continuously under essentially uniform 
conditions constitutes a sedimentary formation. A formation is usually 
given a geographical name based on the locality where it was first rec- 
ognized, called thereafter the type locality. If the formation consists 
chiefly of rock of one kind, that fact is commonly expressed in the 
given name, such as Bighorn dolomite, Utica shale, or Coconino sand- 
stone. If, however, a formation is made up of rocks of several kinds 
(for example, limestone and shale) , it is given a geographical’ name 
only, as Kansas City formation. 

A formation generally contains fossils that are distinctive, which are 
therefore termed index or guide fossils. By means of its index fossils 
a formation can be recognized wherever it occurs and can be traced 
from the type locality across country. The areal extent of a formation 
can therefore be determined and can be plotted on a map. This pro- 
cedure is called geologic mapping. It is the first step in any geologic 
study of an area, whether the purpose is purely scientific or is: essen- 
tially practical. 

Formations laid down in geologically recent time contain the remains 
of plants and animals of species still living. Formations of somewhat 
older geologic age contain, along with the remains of living species, the 
remains, of species of organisms that are now extinct. In still older 
formations the remains are entirely those of extinct species of organ- 
isms, A species that has become extinct never reappears in strata of 
younger age. By piecing together the evidence from the order of the 
superposed strata with the kinds of fossil organisms occurring in them, 
a chronology of the history of the Earth has been worked out. The 
larger subdivisions of this chronology are given in Appendix D. 

The order in time when successive fossil faunas and floras lived and 
appeared in the strata and when they became extinct wms first estab- 
lished in Europe and America. This order can now be used to deter- 
mine the age and succession of strata anywhere the world over. Prob- 
ably the most astounding triumphs in deciphering the geologic record 
by means of the fossils contained in the rocks have been achieved in 
regions where crustal revolutions have caused the strata to stand verti- 
cally or have overturned them, or have thrust great thicknesses of older 
strata over younger strata, as in Glacier National Park (Fig. 307) . 

Areal Extent of Sedimentary Formations. Sedimentary formations 
differ greatly in areal extent, depending on the conditions under which 
they w’-ere formed. Shales and limestones make up formations that are 
as much as thousands of square miles in area. For example, the Madi- 
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son limestone of Montana and adjacent States has been traced over an 
area of more than 140,000 square miles. 

Beds of clastic origin, such as sandstone and shale, indicate that 
there were land surfaces from which the sediments w'ere derived by 
erosion and basins in which they were deposited. If the sediments were 
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laid down along an open coast, the deposits tend to be wedge-like, thick- 
est near shore and progressively thinner seaward. The sediments 
poured into the Gulf of Mexico by the Mississippi River are derived 
from a drainage area of more than 1 million sq[uare miles, but the area 
in which they are deposited is only about one-tenth of that size. 

Unconformity. An important stratigraphic relation is that of am- 
conformity, so important in fact that it is treated in detail in Chapter 
15. A marine unconformity records that a land mass became sub- 
merged beneath the sea and a series of marine strata was deposited 
on it. 

Overlap. When the sea advances on a subsiding land mass, the beds 
that are laid down on the floor of the advancing sea as the result of its 
attack on the land mass have the relations shown in Figs. 190 and 191. 
Each successively higher bed extends farther in the direction in which 
the sea advanced over the land mass than the bed immediately below 
it. Each younger bed thus laps over beyond the limit to which the 
underlying bed extends. This stratigraphic relation is therefore termed 
overlap. 

Gravel, sand, and finer material are formed by the attack of the 
advancing sea on the subsiding land mass. The gravel and sand are 
deposited near shore, but the finer material, of mud-grade size, is car- 
ried out into deeper water. Consequently, the gravel and sand grade 
seaward into mud. Because the shoreline moves landward as the sea 
advances, what was earlier the locus of deposition of coarse material 
becomes the locus of deposition of fine material ; therefore the sand and 
gravel grade upward as well as seaward into mud. Gravel of the kind 
shown in Figs. 190 and 191, after it has been changed into rock, is 
known as a progressive marine conglomerate; it records the advance of 
the sea over a land mass. As it occurs at the bottom, or base, of a 
formation, it is called also a basal conglomerate. Manifestly, the con- 
glomerate at C' is younger than it is at C by the length of time it took 
the shore line to migrate from C to C". 

Grand Canyon of the Colorado as an Illustration of Strati- 
graphic Principles 

The Earth gives us a deep insight into her sedimentary cover in the 
Grand Canyon of the Colorado, where the river has cut a mighty gorge 
through 4000 feet of horizontal strata. Consequently the view from the 
rim of the Grand Canyon affords an unrivaled panorama of sedimen- 
tary rocks. At the very first glimpse of the Canyon the varied and 
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Fi(J. 192. South wall of the Grand Canyon of the Colorado River near El Tovar, 
showing six sedimentai-y formations. The formations are lettered to correspond with those 
shown in the diagrammatic geologic column on the right of the figure. 

stone more than 1000 feet, thick; above it is the Redwall limestone, 
whose brilliantly colored and massive beds stand out in 500-foot cliffs, 
forming some of the most striking scenery of the Canyon; the third is 
a thick series of sandstones and shales; the fourth consists entirely of 
shale; the fifth is the Coconino sandstone, a prominent white- sandstone 
formed in an ancient desert; and the uppermost formation is the Kaibab 
limestone, so named beoaufee, it forms the floor of the Kaibab Plateau 
in which the Canyon is incised. 
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vivid coloration, the horizontal layering, and the immense thickness of 
these rocks make an overpowering impression upon the observer. These 
rocks are here grouped into the following six formations. The lowest 
formation shown in Fig. 192 is made up of strata of shale and sand- 
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Marine fossils occur in almost all these formations, thus showing that 
the larger part of the immense pile was laid down in the sea. The beds 
have remained in their normal horizontal position and in undisturbed 
sequence, but their present position high above sealevel shows that 
despite their horizontal attitude they have nevertheless been lifted 
thousands of feet. The fossils in them tell us that the lowermost forma- 
tion was laid down early in Paleozoic time and the uppermost in late 
Paleozoic time. Translated into years, this means a span of 300 mil- 
lion years (Appendix D). From the fossils we learn further that the 
formations that we see now represent but a fraction of this vast span 
of time, because the succession of life recorded in these beds is not a 
continuous sequence. Above the lowermost 1000 feet of shale and sand- 
stone there is a gap in the life sequence, showing that for a long period 
before the deposition of the Redwall limestone no deposits were being 
laid down here, or if they were laid down they were removed by erosion 
before the Redwall limestone came into existence (p, 386). These in- 
tervals of time, although not represented by strata at the Grand 
Canyon, are represented elsewhere by great thicknesses of strata. 

The horizontal strata exposed at the Grand Canyon of the Colorado 
do not tell the whole story of the geologic history of this region, but 
constitute, as it were. Book III of the geologic record. They rest with 
profound unconformity on a foundation built of two vastly older series 
of sedimentary, igneous, and metamorphic rocks. These rocks consti- 
tute Books I and 11, the earlier history of the region. An account of 
this history is given in Part II, Historical Geology. 
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Chapter 13 


IGNEOUS ROCKS 

Igneous rocks, as implied by their name, were formed at high tem- 
peratures; they are defined as those rocks made by the solidification oj 
molten matter that originated within the Earth. Such molten matter, 
as is well known, is erupted as lava from many volcanoes the world 
over, and in these eruptions we can see igneous rocks actually in the 
making. Immensely spectacular though volcanic eruptions are, the 
progress of geologic science has shown that they are but minor mani- 
festations at the Earth’s surface in comparison with the vastly greater 
effects produced by active molten rock matter within the crust. 

Molten matter as it rises from depth is more or less highly charged 
with gases. As it nears the Earth’s surface in a volcanic vent, the 
pressure decreases and the gases begin to be liberated and to escape. 
Most of the gases have escaped by the time the liquid has solidified. 
The molten rock matter plus its content of dissolved gases is called 
magma. There are many kinds of magma— at least forty— differing 
widely in composition. To cite only two examples, from active vol- 
canoes, the magma erupted by Vesuvius differs greatly in composition 
from that erupted by Etna. 

INIode of Occurrence of Igneous Rock Masses 

Intrusive and Extrusive Rocks. Igneous rocks occur as component 
parts of the Earth’s crust in two ways: as intrusive and extrusive 
masses. In forming an intrusive mass, magma rose from deep in the 
Earth to higher levels in the crust, but it stopped in its ascent before 
it reached the surface. Consequently it cooled and solidified under a 
cover, or jacket, consisting of the rocks that make up the higher por- 
tions of the crust. The resulting body of igneous rock is an intrusive 
mass. Such a mass becomes accessible to our view only after it has been 
uncovered by erosion. 

If magma reaches the Earth’s surface and is discharged from an 
opening, it flows out on the surface, where it cools rapidly and solidifies. 
The body of igneous rock thus formed is an extrusive mass. 
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Obviously, an intrusive mass is formed under conditions that diifer 
greatly from those under which an extrusive mass is formed. In form- 
ing an intrusive body the magma cools under a thick jacket of rocks; 
hence its dissolved gases can not escape easily, and because rocks arc 
exceedingly poor conductors of heat it loses heat slowly and therefore 
solidifies slowly. In an extrusive body, on the other hand, the magma 
is drastically chilled by exposure to the atmosphere and therefore 
solidifies rapidly. Because of these differences in the way they were 
formed, intrusive rocks differ greatly in appearance from extrusive 
rocks. 

Although intrusive and extrusive rocks are in general markedly dis- 
tinct, in places they grade into each other. For example, magma that 
issued at the Earth’s surface as a lava flow came up through a passage- 
way from below; and, if the passageway remained filled, the magma in 
it eventually solidified into rock. Consequently the extrusive body— 
the lava flow at the Earth’s surface — ^is connected with an intrusive 
mass below. The connection of an extrusive mass with its downward 
extension, or root, can rarely be seen, however, because the extrusive, 
mass as a rule either covers its root or has been separated from its root 
by erosion, whereby the former continuity has been destroyed. 

INTRUSIVE BODIES 

Intrusive igneous bodies are structural units in the architecture of 
the crust. According to. their shape, or form, and their structural rela- 
tions to the inclosing rocks there are six principal kinds: dikes, sills, 
laccoliths, volcanic necks, stocks, and batholiths. The simplest is the 
dike, and it therefore will be considered first. 

Dikes. A dike is a tabular mass of igneous rock that fills a fissure 
in pre-existent rocks. Consequently, a dike is inclosed between walls 
that are parallel or nearly so. Dikes are inclosed in rocks of all kinds — 
igneous, sedimentary, and metam-orphic. They are said to “cut” the 
rocks that inclose them. By convention the term dike is restricted to 
those tabular masses that cut through layered rocks at an angle to the 
layering. If the tabular igneous mass is parallel with the layers it is 
called a sill. 

Dikes range in length from a few yards to many miles ; they range 
in thickness from a fraction of an inch to thousands of feet. Three 
dikes that cut a series of stratified rocks at right angles to the stratifi- 
cation are shown in Fig, 193. i ' . 
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Some fissures when formed extended up to the Earth’s surface. 
Magma, rising from the depths along such channel ways, wells out as 
streams of lava. A historic example is the Laid fissure in Iceland, from 
which in 1783 were discharged 3 cubic miles of lava through an open- 
ing 5 miles long. After discharge at the surface ceases, the magma in 


N. H. Darton, V. 8. Geological Survey. 

Fig. 193, Dikes cutting horizontal sedimentary beds at right angles. Alamillo Creek, 
New Mexico. 

the fissure solidifies; thus is formed a dike that reaches to the Earth’s 
surface. Most dikes, however, fill fissures that did not extend to the 
surface, and their present exposure to our view is the work of erosion. 
Some dikes are the fillings of channels through which were fed other 
intrusive bodies, such as the sills and laccoliths next to be described. 

During erosion, dikes that resist destruction more strongly than the 
rocks inclosing eventually stand oiit as walls ; but dikes whose re- 
sistance is weaker than that of the inclosing rocks form ditches. The 
rock of some dikes is divided into bloQks or columns by joints^ These 
columns are perpendicular to the walls of the dike, causing the dike to 
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resemble a pile of cordwood, an arrangement whose origin is described 
later under coi!w?wwar sirwcfwre (p. 372) . 

Dikes are likely to contain fragments of rock that were ripped off 
from their wall rocks and carried upward. They supply us with 
samples of the rocks that are present in depth and thus give us clues 
as to w-hat occurs down there. Some dikes contain blocks of this kind 
that they have carried up from depths as great as 20,000 f eet. 

In many places dikes are arranged in more or less well-defined sys- 
tems. Parallel dikes are in some localities so numerous and closely 



Fig. 194. The sill <S>S is intrusive between horizontal strata; the dike D represents 
the conduit through which the magnaa was forced up. Vertical joints were formed as the 
sill cooled. The block is about 1 mile wide, the sill 500 feet thick. 

spaced as to constitute a dike swarm. Around certain centers, notably 
volcanoes, dikes have a radial arrangement, extending out from the 
center like the spokes of a wheel. Impressive examples of radiating 
dikes surround the Spanish Peaks, Colorado, and the Crazy [Mountains, 
Montana; these mountains, however, are not of volcanic origin. 

Dikes are adjoined by zones of rock baked and hardened by the high 
temperature produced by the molten magma. These effects are par- 
ticularly pronounced adjacent to dikes cutting sedimentary rocks, 
which are more readily affected than other rocks. All intrusive masses 
have produced similar effects on the rocks into which they were injected. 
These effects give us therefore a means for determining whether an 
igneous masS: is of intrusive origin. 

Sills. A sill is a tabular mass of intrusive igneous rock lying parallel 
to the layers of the inclosing rocks (Fig. 194) . Sills range in thickness 
from a foot or less to several thousand feet. In forming a sill, magma 
insinuated itself between two layers and lifted the overlying rocks 
through the distance now represented by the thickness of the sill. 
Manifestly, in order to form a thick sill deep within the crust and sev- 
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eral thousand square miles in extent, the magma must have been in- 
jected by an enormous impelling force. 

The term sill as ordinarily used means that the body so named is 
horizontal, like a door sill. In geology it v;as applied in the first place 
to intrusive sheets that are horizontal, such as the famous Whin sill 
of the north of England, which is traceable for 80 miles and averages 
90 feet in thickness. The Whin sill is a mass that has remained hori- 
zontal since it was formed, but many sills have been tilted from their 
original horizontal position, so that by an evolution of ideas the term 
sill is now applied not only to horizontal bodies but also to inclined 
bodies. Some sills w^ere injected into strata or other layered rocks that 
were already inclined at the time the magma was forced in between 
them. The essence of the definition of a sill, therefore, is not that a sill 
is horizontal, but that it is an injected mass lying parallel wdth the 
inclosing layers. 

One of the best-known sills in America is the Palisade sill, which 
forms a long vertical cliff fronting New York City along the w^est side 
of the Hudson River. Originally tha sill was 100 miles long and 1000 
feet thick, but it has been somewfiiat diminished in size by the erosion : 
that brought it to view. The palisacle structure to which this sill owes 
its name is the result of the nearly vertical columns developed in it by 
shrinkage cracking during cooling, in the same way that columnar 
jointing is formed in dikes. Such columnar structures, as explained in 
Chapter 14, are at right angles to the walls of dikes and sills. 

Laccoliths. A laccolith is typically a lens-shaped mass of igneous 
rock intrusive into layered rocks. It has a flat floor and is more or 
less circular in ground plan. If the magma, after it has insinuated 
itself between the layers in the form of a sill, arches up the overlying 
layers, instead of continuing to spread laterally away from the supply 
channel, a lens of liquid rock is produced, and this lens on solidifying 
forms a laccolith. The cross-section in Fig. 195 shows an ideal lacco- 
lith and the dome-shaped mountain produced by lifting and arching 
the rocks that overlie the laccolith. 

Many laccoliths, however, depart from the typical form. Instead of 
being circular in ground plan, some are oval or quite irregular; and in 
section some have the shape of a wedge instead of the symmetrical 
form shown in Fig. 195. If the amount of up-arching of the overlying 
layers was small, the resulting laccolith approximates closely to a sill 
in form. 

Laccoliths, more or less exposed by erosion, are conspicuous features 
in many parts of western North America (Fig. 196). They were first 
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discovered in the Henry Mountains of southern Utah, where they rise 
above a plateau of undisturbed horizontal strata. They form a com- 
plete series that comprises all the stages of progressive denudation: 


Laccolith, showing the typical form of the igneous mass and the doming of the 
overlying beds. The block is about 2 miles wide. 


from laccoliths still covered by their roof rocks and whose presence in 
depth is inferred from the dome-like hills formed by the up-arching of 
the strata, to laccoliths so deeply dissected as to show the undisturbed 
horizontal strata underneath them. 


Modified from L. V, Pin 


Fig. 196. Ideal sketch of a laccolith (L) from which the roof rocks have been partly 
stripped off by erosion. The creek cutting across the laccolith has exposed the horizontal 
floor on which the laccolith rests. The laccolith is about 1 mile in diameter. 


Subsequently, laccoliths have been found in many parts of the world 
and are therefore a not uncommon form of intrusive body. Some of 
these later-found laccoliths are immensely larger than the classic lacco- 
liths of the Henry Mountains, the largest of which is less than 4 miles 
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Fig. 197. Shifrock volcanic neck, 1300 feet high, with dikes extending out from it. 
Near Farmington, New Mexico. 


in diameter. Igneous masses as large as 6000 square miles in area have 
been interpreted as laccoliths. 

In order that an intrusive mass be classified as a laccolith, it must 
have a floor. In the nature of things, the floor is the least accessible 
part of the mass, and, unless erosion has supplied favorable exposures, 
the laccolithic character of many bodies must perforce remain in doubt. 
Laccoliths are of great interest in theoretical geology, for they show 
clearly how the magma made room for itself within the Earth’s crust, 
namely, by lifting the overlying rocks. The mechanics of intrusion of 
laccoliths is therefore fairly well understood. 

Volcanic Necks. When a volcano becomes extinct, the supply pipe 
connecting it with the depths becomes filled with a solidified mass of 
magma or with a chaotic mass of angular blocks, large and small, 
termed vent agglomerate. This filling forms a cylindrical mass known 
as a volcanic neck. It is roughly circular in ground plan and may be 
from a few hundred yards up to a mile in diameter. The rocks sur- 
rounding a volcanic neck are generally cut- by a radiating system of 
dikes, and if the rocks are stratified they are commonly injected with 
sills. Being in general more resistant to erosion, a volcanic neck in the 
course of time forms a giant tower ,(Fig. 197) , Further description of 
volcanic necks is postponed to Chapter 14. 

Batholiths. A batholith is a huge intrusive body of igneous rock. 
Large size and intrusive relation to its inclosing rocks are its distin- 
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guishing features (Fig. 198) . Furthermore, a batholith enlarges down- 
ward and appears to extend indefinitely downward into the Earth’s 
crust; it is without a known floor, in contrast to a laccolith, which rests 
on a floor. 

Batholiths, like other intrusive bodies, become accessible to human 
observation only as the result of their exposure by erosion. Accord- 



connection having been sundered as the result of erosion. S is the top of a sWek con- 
necting with the batholith in depth. The batholith is of the discordant or transgressive 
type, as it cuts across the structure of the invaded country rock, the slate. The block is 
about 20 miles wide. 

ingly, the size of a batholith as we customarily speak of it depends on 
the depth to which erosion has uncovered it. The largest batholith in 
the United States is the Idaho batholith in central Idaho, exposed over 
an area of 16,000 scpiare miles. Had erosion stripped off less of the 
roof rocks that formerly covered the batholith, its exposed area would 
be smaller; and had erosion extended a mile or two deeper its visible 
portion would have been much larger. 

Another large batholith is that of the Sierra Nevada. It has been 
extensively bared by erosion, .especiaUy, in the culminating portion of 
the. range in the region of Mount Whitney, the highest point in the 
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United States proper. Suppose we were standing on the summit of 
]\Iount Whitney: as far as the eye could reach north, west, and south 
we would see granite, granite, and more granite, the solid record of 
what was once thousands of cubic miles of molten rock matter. Look- 
ing eastward, we would see the great granite escarpment of the Sierra 
dropping abruptly to Owens Valley almost below us, and we thus would 
perceive that the batholith is at least 8000 feet thick. Another great 
batholith is the Coast Range batholith, which extends for 1250 miles 
from the 49th parallel northward into Alaska and is 80 to 120 miles 
wide ; it is marvelously displayed in the fiords of British Columbia and 
southeastern Alaska. It is about 100,000 square miles in area, the 
greatest batholith known, forming as it were a vast cicatrice in the 
crust of the Earth. 

Many mountain ranges have batholithic cores, backbones of igneous 
rock. The home of the batholith is in the world’s mountain belts, in 
the zones of acute deformation of the crust. The enormous bodies of 
magma were emplaced either at times of crustal deformation or shortly 
after. A batholith emplaced during a crustal revolution tends to have 
concordant contacts, that is, the roof rocks arch over the top of the 
batholith just as the roof rocks arch over a laccolith; whereas a batho- 
lith emplaced at the end of a period of crustal deformation has dis- 
cordant contacts — it breaks across the general structure of the rocks it 
has invaded. Structurally, then, there are two types of batholith : con- 
cordant and discordant. 

Granite is the chief rock of which discordant batholiths are com- 
posed, and granite gneiss (a modification of granite due to the roughly 
parallel arrangement of its component minerals, chiefly the biotite 
flakes) makes up the concordant batholiths. 

As granite is formed at some depth in the crust, it is exposed at the 
surface only after erosion has stripped off the covering rocks; hence it 
is seen chiefly in those parts of the continents bared by erosion — in 
mountains or in regions so deeply eroded that the roots of the moun- 
tains are visible. 

Granite is the main constituent of the foundation of the continental 
masses. These foundation granites occur as batholiths of very ancient 
origin, of Pre-Cambrian age, and constitute a floor upon which the 
sedimentary rocks of later age were deposited. Granite of younger 
age also occurs as colossal batholiths that are intrusive into the younger 
rocks, for epochs of granitic intrusion have occurred time and time 
again during the long span of the Earth’s history. The Sierra Nevada, 
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Idaho, and Coast Range batholiths already cited are grand examples 
of such younger intrusions. 

From many points of view batholiths are of extraordinary interest. 
They are structural units of the first magnitude in the architecture of 
the crust. The source of the heat, the origin of the magma, the forces 
that set the magma in movement, and the manner in which such stupen- 
dous masses of molten rock matter make room for themselves in the 
higher levels of the Earth’s crust are among the most fundamental and 
fascinating problems of geology. The concordant batholiths appear 
to make room for themselves by lifting and shouldering aside the rocks 
of the crust, like laccoliths of immense size; but the mode of intrusion 
of the discordant batholiths is much less clear. Many explanations 
have been suggested: foremost among these is the hypothesis of piece- 
meal sloping, so called from a certain analogy between the process by 
which the magma is conceived to make room for itself in the crust and 
the miner’s process of extracting ore. The hot magma in coming into 
contact with the rocks it is invading shatters these rocks above the 
junction zone and spalls off blocks; and as soon as these blocks become 
engulfed in the magma they sink, because the fragments of solid rock 
are heavier than the liquid magma. By the progressive spalling off of 
these blocks and their sinking in the magma, the magmatic chamber 
becomes enlarged, and the magma works its way upward into the higher 
levels of the crust. Although it is abundantly clear that this process of 
piecemeal stoping has been effective around the borders of discordant 
batholiths, it has not yet been demonstrated that the immense chambers 
occupied by the batholiths were formed entirely in this way. 

Stocks. Stocks are the smaller intrusive igneous bodies without 
known floors, A stock differs from a batholith only in its much smaller 
size; arbitrarily, an intrusive igneous body less than 40 square miles 
(100 square kilometers) in areal extent is called a stock; if larger than 
40 square miles, a batholith. A large stock is a small batholith. Some 
stocks, as indicated at S in Fig. 198, are merely dome-like protuberances 
from the body of an underlying batholith. 

A stock as a rule is circular or elliptical in ground plan. The dis- 
tinction from a volcanic neck is not based on size, though necks are 
much smaller than the average stock. The term neck is used only 
when the evidence shows that the igneous body occupies a channel that 
served as thq supply pipe of a volcano. Some stocks doubtless were 
necks, but this can not now be jn-ovedi as the evidence has been removed 
by erosion. 
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EXTRUSIVE BODIES 

Extrusive bodies are those formed by magma that flows out on the 
Earth’s surface. Magma is extruded in two ways, depending on the 
quantity and activity of the gases contained in it: the quiet, in which 
it is discharged as a liquid and solidifies into a massive rock, and the 
explosive, in which it is violently blown into the air and falls in the 
form of clots or solid fragments. 

Lava Flo-ws. Magma that issues at the surface is called lava. The 
liquid discharge, as well as its solidified equivalent, is commonly spoken 
of as a lava flow. Liquid flows are poured out from volcanoes. Some 
volcanoes, like those in Hawaii, discharge molten lava almost exclu- 
sively, but most volcanoes discharge alternately lava and fragmental 
material. 

Some lava flows, however, were not erupted from volcanoes but were 
discharged from fissures. Such extrusion, when unconnected with vol- 
canoes, is termed a mass eruption. In the geologic past such mass 
eruptions have occurred many times on a huge scale. Among the most 
notable of these enormous lava floods are those of the Columbia River 
region in the northwestern United States and of the Deccan region in 
western India. The resulting piles of lava flows in these regions are 
thousands of feet thick, and each covers an area of more than 200,000 
square miles (p. 334). 

Tuff and Breccia. According to its phase of activity, a volcano 
blows into the air clots of hot liquid magma or fragments of cold 
solidified lava torn from its throat and crater walls. The coarser pieces 
fall near the vent; the finer pieces, hindered by the frictional resistance 
of the atmosphere or carried by the wind, tend to fall somewhat later 
than the coarser fragments and at greater distances from the vent. On 
account of the highly variable intensity of volcanic explosions during 
an eruption, fine material is blown out during mild activity and settles 
near the vent, to be succeeded during violent activity by coarse ma- 
terial. Therefore, an interlayering of coarse and fine material is pro- 
duced even near the vent. 

The coarser material, when converted into rock, is called volcanic 
breccia, and the finer material is called tujf. Both are termed pyro- 
clastic rocks (“broken by fire") to distinguish them from the clastic 
sedimentary rocks. 

Tuffs and breccias occur the world over, wherever volcanism is active 
or has been active. Their presence, indeed, is clear proof that vol- 
canism was formerly active in places where it has long been extinct. 
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Determination of the Age of an Igneous Rock 

The geologic date at which a mass of igneous rock was emplaced in 
the crust or was erupted on the Earth’s surface is determined from its 
structural relation to the adjoining rocks. Thus, an igneous body, such 
as a dike cutting through another igneous mass, is obviously younger 
than the rock it cuts. If it cuts through sedimentary strata, it is thus 
younger than they are. As the geologic age of sedimentary beds can 
generally be determined by the fossils inclosed in them, the dike is 
younger than the age indicated by 
the fossils; but how much younger 
must be ascertained from other evi- 
dence, Suppose that we have the 
favorable geologic exposure shown 
in Fig. 199. The dike is there seen 
to cut limestone beds, which con- 
tain fossils determinable as of Car- 
boniferous age (Appendix D). 
These beds and the dike in them 
were worn down by erosion to a 
level surface, and sometime later a 
series of beds containing Triassie 
fossils was deposited on it. From 
the evidence thus available the conclusion clearly follows that the dike 
is younger than the Carboniferous beds and older than the Triassie. 
In geologic parlance we say that the dike is post-Carboniferous and 
pre-Triassic in age. Had erosion stripped off the covering beds (2) , 
all that could be positively determined as to the geologic age of the 
dike is that it is post-Carboniferous. 

Lava flows are of course younger than the rocks, on which they lie. 
If a pile of lava flows contains intercalated layers of tuff and breccia, 
the layers may inclose fossils, which are the remains of plants and 
animals that were overwhelmed by the material blown out during the 
volcanic explosions. By means of these fossils the flows can as a rule 
be dated as to their geologic time of origin. 

A sheet of igneous rock lying parallel to the strata above and below 
it is either a sill or a lava flow. If it has baked the strata both above 
and below it (p. 419) j this evidence of baking proves positively that 
the sheet was injected at some time after .the inclosing strata had been 
formed; it is therefore a sill. If a sheet. has not baked the stratum over- 



Fia. 199. Determination of the age of 
an igneous rock. The dike (3) is younger 
than the limestones (1) it intersects, and 
older than the strata (2) that rest on it. 
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lying it, it is probably a lava flow, and at any rate it is older than the 
overlying strata. Thus the age relationship of an igneous body with 
the rock masses associated with it is determined by examining its con- 
tacts with them. 

In recent years much research has been done on methods of deter- 
mining the absolute ages of minerals and rocks, that is, their ages in 
years. Certain radioactive elements, notably uranium and thorium, 
are spontaneously disintegrating at constant rates, and lead is formed 
as the end-product of this disintegration and accumulates within the 
parent minerals (p. 26). By the methods based on radioactivity, it 
was determined in 1938 that the age of the uranium-bearing veins in 
Joachimstal (or Jachimov), Bohemia, from which Mine. Curie first 
isolated radium, is 230 million years. Determinations on, other min- 
erals from other localities show that the most ancient rocks of our 
planet are more than 2000 million years old. 

Texture and Composition of Igneous Rocks 

Texture. The most obvious thing about an igneous rock is its tex- 
ture, By texture is meant the appearance of a rock as determined by 
the size, shape, and arrangement of its constituents (see also pp. 561- 
563). Most rocks are made up of mineral grains, but some consist of 
glass, and some of glass and mineral grains. 

If the mineral grains are large enough to be recognized by the unaided 
eye, the rock is said to be phanerocrystalline (Greek phaneros, visible, 
manifest), which can be shortened to phaneric (fan-e'ric). If the 
grains are so minute that they can not be perceived as such by the 
unaided eye and consequently the rock seems to be a single homoge- 
neous substance, it is said to be aphanitic (aph-a-nit'ic) , meaning “not 
phaneric.” 

The grain size is coarser the more slowly a magma has cooled. If a 
magma is extremely hot, the minerals dissolved in it can not crystallize 
out from it; that is, the atoms and atomic groups in the magma arc 
unable to arrange themselves to form organized solid compounds (the 
minerals) . When the temperature has fallen far enough, the minerals 
begin to separate from the magma. If the cooling is slow and if the 
magma has not become highly viscous as a result of the cooling (a very 
important proviso) they have time to grow to large size, thus forming 
a coarse-grained rock. But if the ihagma cools rapidly, more and more 
centers of crystallization form spontaneously, and, instead of a few 
such crystal nuclei growing, many begin to- grow simultaneously. None 
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of the crystals can therefore grow to a large size, and consequently the 
resulting rock is fine grained. If cooling is still more rapid, the crystals 
are so minute that they are invisible to the unaided eye, and the re- 
sulting rock is aphanitic. Under conditions of extremely rapid cooling 
a magma solidifies into a homogeneous substance before any mineral 
can crystallize. In this event the product is a glass, sometimes called a 
natural glass. 

To sum up, igneous rocks are coarse grained, fine grained, aphanitic, 
or glassy, the grain size being coarser the more slowly the magma 
cooled. 

Porphyry : Porphyritic Texture. So far it has been tacitly assumed 
that all the mineral grains in a given rock are of uniform size, that is, 
that the rock is equigranular (Fig. 360) . Many rocks, however, are 
composed of grains of two conspicuously contrasting sizes: in part of 
large crystals and in part of much smaller grains, which form a matrix 
inclosing the larger crystals. An igneous rock of this kind is called a 
porphyry (Fig. 361) ; it is said to have a porphyritic texture. The 
matrix of a porphyry is the groundmass, and the large crystals im- 
bedded in the groundmass are the phenocrysts (fe'no-krists), meaning 
clearly discernible crystals. The phenocrysts were formed first, and 
the groundmass somewhat later. 

Porphyries are abundant and of many kinds. The groundmasses of 
the various porphyries have a wide range in grain size: some are 
medium grained; others fine grained, aphanitic, or glassy. Generally 
they are aphanitic, as in the lavas, most of which are porphyritic and 
have aphanitic groundmasses. The phenocrysts also range greatly in 
size — from those barely perceptible to those several inches in diameter. 
They differ widely in abundance, ranging from few to very many. In 
all porphyries, however, the phenocrysts contrast conspicuously in size 
with the grains that make up the groundmass. This contrast in size 
is the essential feature of a porphyry. Porphyritic texture is not a 
contrast of colors. Thus a rock made up of light-colored quartz and 
feldspar, among which are scattered crystals of black mica, all the 
grains of the three minerals being of about the same size, is not a 
porphyry, although the black ihica contrasts strongly with the light- 
colored minerals. 

Texture as Determined by Geologic Mode o£ Occurrence. Be- 
cause the texture of an igneous rock depends chiefly on the fluidity ^ 
of the magma while the minerals are crystallizing out from it, anything 

^ Fluidity is the inverse of viscosity. 
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in the geologic environment that influences the fluidity of a magma 
during the critical stage of crystallization must affect the texture of 
the resulting rock. Rate of cooling is one such factor, for fluidity de- 
creases rapidly as the temperature falls; retention of the gas content 
is another factor. Obviously, an intrusive mass of magma, surrounded 
and jacketed by the rock masses it has invaded, will lose its heat and 
gas content much more slowly than an extrusive mass, which has issued 
at the Earth’s surface as a lava flow. Consequently the rock of in- 
trusive masses is generally coarse grained in texture, whereas the 
extrusive rocks as a rule are either aphanitic or glassy. 

The volume of an intrusive mass greatly influences the rate of cool-, 
ing, because a large mass cools more slowly than a small one. Conse- 
quently the rocks that make up such large rnasses as batholiths are 
coarse grained. The rocks of dikes and sills that were injected into 
cold rocks tend to be finer grained. The central portion of a thick lava 
flow may cool slowly enough to become medium grained, whereas a 
magma that was injected into a narrow fissure in cold rocks is chilled 
so quickly that it solidifies as an aphanite or even as a glass. Although 
there are exceptions, the rule holds true that intrusive rocks are coarse 
or medium grained and extrusive rocks are fine grained to aphanitic. 

From the rule just cited, it follows that the coarse-grained rocks, 
because they were formed within the crust, become visible at the 
Earth’s surface only after they have been stripped by erosion of the 
rocks that covered them. Probably no granite has been formed at 
a depth less than 2000 feet below the Earth’s surface. 

Although, as discussed above, the rate of cooling is an important 
factor determining the texture of igneous rocks, it is not the only one. 
Chemical composition also is important; and if, as is reasonable to do, 
we consider the gas content of a magma as part of its chemical com- 
position, it is probably the single most important factor in determining 
texture. Under similar conditions of cooling, magmas low in silica 
and high in iron and magnesia solidify as rocks^ of coarser grain than 
do magmas composed of much silica, alumina, and alkalies. 

That the texture formed while a magma is solidifying is influenced 
by geologic environment is vividly shown by the extrusive rocks. These 
rocks nonnally consist of phenocrysts imbedded in an aphanitic 
groundmass. The phenocrysts — the large conspicuous crystals — ^were 
formed mainly before the magma was extruded on the Earth’s surface, 
and the fine-grained groundmass was formed after extrusion. The 
porphyritic texture thus developed records the great change in the 
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environment while the magma was solidifying, whereby the rate of 
cooling was enormously speeded up and the escape of the dissolved 
gases was facilitated. 

The presence of gases, especially the gaseous water contained in 
magma, increases the fluidity of the magma or, to say the same thing 
in another way, decreases its viscosity. The gas content thereby pro- 
motes the power of crystallization to an astonishing degree. This 
enhanced power of crystallization is notably shown by certain dikes 
associated with intrusive masses of granite. They occur generally as 
a fringing swarm of dikes around the periphery of the granite masses 
and w^ere formed soon after the granite. The dikes are made up of 
large crystals of quartz, feldspar, and mica, individuals several feet in 
diameter being not uncommon. The extraordinarily coarse igneous 
rocks of this composition are known as granite pegmatites, and from 
them are obtained the feldspar and plates of mica used commercially. 
Some granite pegmatites carry radioactive minerals which, as already 
mentioned, make possible the determination of their absolute ages. 

The rock of a volcanic neck is likely to be comparatively coarse 
grained in spite of the small volume of the neck, because the continuous 
upward passage of molten material to the surface has heated up the 
rocks surrounding the conduit. Consequently the last charge of magma 
that filled the conduit and solidified there when the volcano became 
extinct cooled slowly and formed a coarse-grained rock. 

Composition of Igneous Rocks. The mineral composition of an 
igneous rock depends on the chemical composition of the magma from 
which it solidified. As already emphasized, a magma is made up of 
two parts: a volatile part, consisting chiefly of gaseous water, with 
carbon dioxide, sulphur, and other substances, amounting at most to 
a few per cent, and a non-volatile part, consisting of the fixed con- 
stituents, chiefly molten silicates. The volatile part is highly important 
in rock formation because it increases the fluidity of the magma, but 
it is almost completely eliminated during solidification. The molten 
silicates crystallize from the magma to form the rocks. 

Many thousands of igneous rocks from al] parts of the world have 
been chemically analyzed. The analyses are reported by the chemist 
'in terms of oxides, and accordingly we conventionally speak of the 
chemical composition of rocks as if the rocks were actually composed 
of these oxides. For .example, when we say that a rock is high in silica 
we really mean that its chemical analysis shows that much silica is 
present; but this mode of. expression implies nothing as to how the 
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silica is combined in the rock. Actually, the silica may be present in 
the rock partly in the uncombined state — ^“free,” in the form of the 
mineral quartz— and partly in the combined state in combination with 
the metallic oxides as silicates.^ 

The following list gives the ranges in the amounts of the oxides 
reported for the commoner rocks: 

Silica (Si02) , invariably present, ranges from 40 to 80 per cent. 

Alumina (AI2O3) ranges from 0 to 25 per cent. 

Oxides of iron (generally both FeO and FeoOs), 0 to 20 per cent. 

Magnesia (MgO) , 0 to 45 per cent. 

Lime (CaO), 0 to 20 per cent. 

Soda (Na20), 0 to 16 per cent. 

Potash (K 2 O), 0 to 12 per cent. 

It will be noticed that only one acid-forming oxide (silica) is present. 
The other oxides are oxides of the six metals (aluminum, iron, mag- 
nesium, calcium, sodium, and potassium) and are in general bases. 
Oxides of other elements occur in small or minute quantities in rocks 
but are so much less abundant that they can here be neglected. 

^ Silicic Rocks and Basic Rocks. Silica predominates in all the com- 
moner igneous rocks. Metallic oxides occur in all, but the particular 
metallic oxides present range from almost nothing to large amounts. 
A rough general rule governs the composition of igneous rocks. Al- 
though the rocks form an unbroken series whose silica content ranges 
continuously from 80 per cent to 40 per cent, they can be divided into 
two classes: one in which the silica content is high and the alkali-metal 
oxides — soda and potash — predominate among the metallic oxides ; and 
the other in which, conversely, the silica content is relatively low, and 
lime, iron oxides, and magnesia predominate among the metallic oxides. 
Rocks high in silica are termed silicic. Rocks low in silica are termed 
subsilicic, or more commonly basic, because they contain abundantly 
the bases lime, iron, and magnesia. Rocks intermediate between these 
two classes can be called intermediate or mesosilicic. 

Silicic rocks as a rule are light colored, whereas basic rocks are dark 
or black, and heavy because of their abundant iron-bearing minerals. 
Silicic rocks are sometimes termed acidic, because the acid-forming 

1 In recent years this distinction between “free” and “combined” silica has be- 
come of great legal importance in compensation suits brought by workers suffering 
from silicosis, a lethal disease of the lungs caused by inhalation of siliceous dusts, 
generally quartz. The destructiveness of dufets to the lung tissues appears to be 
directly proportional to the amount of free silica in the dusts. 
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radical silica (Si02) predominates in them; the basic rocks, because of 
their high content of bases, are relatively low in silica, carrying about 
50 per cent. 

Crystallization of Minerals from Magmas. If a liquid containing 
a salt, zinc sulphate for example, is boiled down and concentrated to 
a certain point, not all the zinc sulphate can remain dissolved, and 
it begins to separate from the solution as a solid in the form of crystals. 
If the hot solution is allowed to cool, more crystals of the salt arc 
formed, since hot solutions generally can contain more salt than cold 
ones, A magma also is a solution; it contains dissolved in it various 
compounds in a more or less unorganized state. If the magma cools 
slowly enough, the dissolved matter in it separates from it as crystal- 
line grains, the minerals. This crystallization proceeds as the tempera- 
ture falls until the whole magma has turned into a solid mass of 
mineral grains. The molten liquid has become rock. The minerals 
begin to separate from any given magma in a definite order, which is 
governed by their solubility in that magma. 

Minerals Common in Igneous Rocks. The minerals that make up 
most of the igneous rocks are the following: 


Light-coloked Group 
(Sialic * Group) 
Orthoclase feldspar 
Plagioclase feldspar 


Quartz 


Dauk-colored Group 
(Ferromagnesian Group) 
Biotite (black mica) 
Pyroxene 

Hornblende (an amphibole) 

Olivine 

Magnetite 


* Sial is a combination of the chemical symbols for silicon (Si) and aluminum (AI) , the predominant 
elements combined with oxygen in rooks of this group. 

Feldspars, quartz, pyroxene, hornblende, and biotite are by far the 
most common minerals in igneous rocks, and therefore they should bo 
carefully noted. Details regarding them are given in Appendix A. 

Since magmas differ in chemical composition, not only the minerals 
separating from them but also the relative amounts of these minerals 
must differ. Thus, a silicic magma, containing much silica and subor- 
dinate alkalies and alumina, forms a rock that consists mostly of feld- 
spars and quartz ; whereas a basic magma, in which lime, magnesia, and 
iron are abundant, makes a rock containing abundant pyroxene, horn- 
blende, and other ferromagnesian minerals, so called in allusion to 
the iron and magnesium in theip. 
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Classification of Igneous Rocks 

Basis of Classification. Igneous rocks are of many kinds and 
varieties. In refined classifications several hundred kinds are recog- 
nized, but fortunately the crust of the Earth is made up chiefly of a 
few common kinds, not exceeding half a dozen. The diversity of 
igneous rocks is partly the result of the diversity of the magmas that 
have been and are being generated within the crust and partly the 
result of the diverse physical conditions under which these magmas 
have solidified. 

Since igneous rocks vary both in texture and in composition, these 
two variables can be used to classify them. By taking texture as the 
first criterion for setting the igneous rocks in order,, we obtain at once 
five major classes. 

The major classes thus obtained are then subdivided on the basis 
of their mineral composition — on the kinds of minerals present and the 
proportions in which these minerals occur. To these subdivisions the 
actual rock names are given. For example, a rock of equigranular 
texture, coarse enough so that the minerals can be recognized by the un- 
aided eye, and composed of feldspar, quartz, and some biotite, is called 
granite. 

By applying, these principles, the classification of igneous rocks is 
obtained which is shown in the table on page 565. 

In general, intrusive rocks, especially those occurring in batholiths, 
are coarse grained and equigranular. Such rocks have long been called 
plutonic rocks, in fanciful reference to Pluto’s realm, thought to have 
been deep within the Earth. They have formed as the result of slow 
cooling, and the pressure of the overlying rocks caused the magma to 
retain its gas content until a late stage of solidification, thereby keep- 
ing it in a fluid state. Crystallization and the development of a coarse- 
grained texture was thus promoted. 

Extrusive rocks, on the other hand, have been formed by drastic 
chilling of the magma and the loss of its gas content at the Earth’s 
surface and consequently are characterized by either fine-grained or 
aphanitic groundmasses. Drastically chilled magmas and those which 
abruptly lose most of their gas content while cooling are likely to 
solidify to glasses. 

Thus a high-silica magma slowly cooling and retaining its gas con- 
tent solidifies to a granite. The s£nne magma, however, if erupted at 
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the Earth's surface, will solidify to form a rhyolite, a rock vastly dif- 
ferent in texture and appearance from a granite. Rhyolite is therefore 
the extrusive equivalent of granite. 

A magma of medium-silica content solidifies at depth as diorite, but 
if extruded at the surface it solidifies as andesite. Andesite is therefore 
the extrusive equivalent of diorite. 

A magma of low-silica contenih— a basic magma of about 50 per cent 
silica— solidifies at depth as gabbro, but the same magma if erupted 
commonly solidifies as basalt. Basalt, then, is an extrusive equivalent 
of gabbro. However, because basic magmas crystallize extremely read- 
ily, especially in thicker fiows, some extrusions of basic magma solidify 
as dolerite so coarse in grain as to verge on gabbro. 

Diorite and gabbro, although abundant as intrusive masses, do not 
commonly occur in extensive batholiths as the granites do. They are 
more common as stocks, sills, and dikes. ' 

Peoblems or Igneous Geology 

The igneous rocks, and their mode of occurrence in the crust as 
well as on the crust, present many profound problems. The origin of 
the various magmas, the source of the heat to make them molten, and 
the cause of their rise from the depths are fundamental problems. 
Some of the most suggestive evidence is furnished by the magmas that 
reach the Earth’s surface and there give rise to volcanic phenomena ; 
and as volcanism is an important part of igneous geology, these ques- 
tions are considered in the following chapter. 
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Chapter 14 


VOLCANOES AND VOLCANISM 

Volcanoes 

General Description. A volcano is generally thought of as a steep 
conical mountain having a crater at its top, from which at intervals it 
ejects gases, rock fragments, bombs, and lava flows. This concept fits 
Vesuvius, near Naples in Italy, and as Vesuvius is the world’s best- 
known volcano this picture has popularly come to be regarded as typi- 
cal of all volcanoes. A worldwide survey shows, however, that many 
of them diverge greatly from this picture. The essential feature of 
a volcano is an eruptive apparatus,, chiefly a conduit that connects a 
reservoir of molten rock matter in the depths of the crust with the 
exterior of the Earth. This conduit is referred to as the throat of the 
volcano, or as the volcanic pipe or chimney. The more or less conical 
structure that surrounds the orifice of the conduit is called the volcanic 
edifice. The term volcano is customarily used, however, to include both 
the vent and the hill or mountain built around the vent. 

Volcanoes range in size from small cones hardly larger than a bee- 
hive to majestic peaks that rank with the loftiest mountains on the 
globe. Many of the highest peaks of the Andes are volcanoes; some 
are still active, as Cotopaxi in Ecuador, which has the distinction of 
being the world’s highest active volcano, 19,600 feet in altitude. Coto- 
paxi erupts from its summit, is unscarred by erosion, and is still in its 
prime; but many other volcanoes of the Andes are dormant or have 
become extinct in the recent geologic past. All the Andean volcanoes 
stand upon an eroded platform of much older rocks, above which they 
tower 10,000 to 12,000 feet. Certain volcanoes in mid-ocean are of 
still greater size. For example, the Hawaiian volcanoes stand 30,000 
feet above the floor of the Pacifie Ocean; their highest summits project 
14,000 feet above sealevel. 

The higher peaks of. the Cascade Range, beginning on the north with 
Baker, Rainier, and: Adgi^^^ in Washington and extending southward 
to include Hood in Oregon and Shasta in northern California, are vol- 
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canoes that are slumbering or have recently become extinct. Lassen 
Peak, in California, at the south end of the Cascade Range, is the only 
active volcano within continental United States. 

Ejection of Material 

Materials of three kinds are ejected from volcanic vents: gases, 
liquids consisting of molten rock matter, and solid material in the 
form of fragments. 

Gases. Steam is discharged by active .volcanoes in immense quan- 
tity, as indicated by the enormous volume of the clouds that accom- 
pany many eruptions. These clouds consist of the dust and ash borne 
aloft by the uprushing column of steam and other gases. The great 
quantity of steam thus discharged into the atmosphere condenses and 
causes torrential rains near the volcano; but part of the downpour is 
probably due to condensation from moisture-laden air that was sucked 
up to high altitudes by the up-draft created by the discharge of the 
volcanic gases. Owing perhaps to the friction of the ash particles and 
to atmospheric disturbance, the eruptions and rains are accompanied 
by electrical manifestations, which during violent outbursts culminate 
in spectacular lightning discharges. 

The composition of the gases emitted during an actual volcanic 
eruption is not directly known, because of the difficulty of studying a 
volcano in action and of capturing its gases uncontaminated by atmos- 
pheric gases. The composition differs at different volcanoes and prob- 
ably at different stages of an eruption. However, indirect evidence 
shows that the chief constituent is steam. As an example of the im- 
mense quantity of steam emitted during the height of an eruption, 
Paricutin, the world’s youngest volcano (Fig. 216), is estimated to 
have discharged in May, 1945, as much as 16,000 tons a day, along 
with 100,000 tons of lava. 

Besides steam, volcanoes exhale many other gases and volatile prod- 
ucts. The emanations are given off not only from the vent itself, but 
also from the flows of lava, which, as they cool and harden, continue 
to emit gases for weeks and months. Carbon dioxide, hydrochloric acid, 
hydrofluoric acid, and hydrogen are given off. To the mixture of the 
hydrogen with oxygen and its sudden combustion are sometimes 
ascribed the explosions in the conduit. Sublimed sulphur and com- 
pounds of sulphur, such as hydrogen sulphide (HoS) and sulphur 
dioxide (SO 2 ) , are emitted by ^me, but not all, volcanoes. 

Chlorides are given off copiously at many volcanoes. In fact, the 
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abundant chlorides at the Italian volcanoes suggested the idea that 
eruptions are caused by sea water leaking into magma at depth. Even 
were this inference true for the Italian volcanoes, it can not hold uni- 
versally, because no chlorides are given off by Kilauea, which is on 
the ocean-girt island of Hawaii. 

Fragmental Products. Fragmental ejecta are the materials blown 
into the air by explosions in the vent of a volcano. They are derived 
from the crust of hardened lava left in the upper part of the conduit 
after a previous eruption; from rock fragments torn from the walls of 
the conduit; or from new lava ejected from the top of the liquid column 
uf magma in tlie crater by violently escaping gases. Although clots 


Fig. 200. Volcanic bomb, 6 inches long, with spirally twisted ends. Hawaii. 


of lava begin their aerial flight in a liquid condition, they generally 
harden and fall as solid fragments. 

The pieces of rock and the clots of molten lava blown out and solidi- 
fied range greatly in size: from dust so fine that it floats in the atmos- 
phere for several years to large masses weighing many tons. The 
projectile power of volcanoes is astounding. Tliirty-ton blocks were 
blown out by Stromboli in 1930 to a distance of 2 miles; and other 
volcanoes have hurled smaller blocks to much greater distances. 

The fragmental material blown out from a volcanic vent is collec- 
tively called 'pyroclastic Tnateridl. For the sake of precision it is classi- 
fied according to size, somewhat arbitrarily, as follows: pieces larger 
than 32 millimeters (1% inches) in diameter are called blocks if 
ejected as solid fragments and hence angular, and bombs if ejected as 
particles of still-fluid magma and hence roundish or ellipsoidal; those 
between 32 millimeters and 4 millimeters are termed lapilli (Latin for 
little stones) or cinders n those between 4 millimeters and 34 millimeter 
are ash, and the still flnenin^fefiald.s -called fine ash, or dust. Although 
''ash” and "cinders” ar^.epmthonly used in referring to the products 
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of eruptions, volcanic ash and cinders are not products of combustion. 
A volcanic bomb is illustrated in Fig. 200; its spirally twisted ends 
prove that it was still liquid during its flight. 

The bombs, lapilli, and most of the ash fall near the vent and thus 
help to build up a cone around it. The dust is carried by the prevailing 
winds long distances, hundreds of miles or more, and is thus spread 
over an immense area. Huge quantities are discharged during great 
eruptions, amounting to many millions of tons. Such dust showers are 
Jiighly destructive to vegetation and even to animal life, but the soil 
ultimately yielded by them is very fertile. 

Liquid Material: Lavas. A volcanic cone has no strength and is 
easily fissured by the explosions and by the pressure of the lava column 
in the conduit. Hence the magma does not as a rule flow out over 
the lip of the crater but issues through fissures in the sides of the cone. 
It. may even happen, especially if the cone is built of cinders, that, 
unable to withstand the hydrostatic pressure of the lava column in the 
conduit, one side of the cone gives way and allow^s the lava to rush out 
through the breach thus made. Such repeated breaching of the side, 
giving rise to repeated lava flows, occurred in 1944-1947 during the 
growth of Paricutin, the newborn volcano in Mexico. 

The appearance and character of a lava stream and the rock formed 
from the lava as it solidifies depend on several things. The chemical 
composition of the magma determines the nature of the resulting rock, 
whether it will be a light-colored lava (rhyolite) or a black basalt, or 
of intermediate character (andesite), as previously explained. The 
fluidity determines the rate at which the lava flows, the distance it 
flows, and in large measure the aspect of its surface. When the lava 
first flows out, it is red or white hot and highly fluid. It soon cools 
on the surface, darkens, and crusts over. As it cools it becomes more 
and more viscous. When the flow becomes very viscous, the under 
part may still be moving while the upper part crusts over and breaks 
up into rough, angular, jagged blocks, which are borne as a tumbling, 
jostling mass on the surface of the slowly moving flow. When even- 
tually the flow comes to rest and solidifies, the resulting lava sheet is 
extremely rough. Its top is a chaotic assemblage of blocks and scori- 
aceous fragments, bristling with innumerable sharp points. Such lava 
flows are termed block lava. In Hawaii they are called aa (a'a') . 

In marked contrast to the block lava, other flows harden with smooth 
surfaces, which have curiouS: ropy,' curved, and billovy forms, as seen 
in Fig. 201. “Corded” lava of this kind the Hawaiians term pahoehoe 
(pa-ho'a-ho'a). Fine examples of corded lava. flows can be seen in the 
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Craters of the Moon National Monument in southern Idaho. Although 
these flows are at least several hundred years old, the surfaces still 
show iridescent colors in blue, purple, and bronze, as if the flows had 
been erupted only a few years ago. 

Very fluid lavas flow rapidly, especially on steep slopes (Fig. 3). 
Some, like the great flow from Mauna Loa in 1850, average 10 miles 


been supcessful. Success depended on the fact that the lava was flow- 
ing through a lava tunnel tow^ard Hilo. The bombing demolished the 
roof of the tunnel at the upper end of the flow and blocked the tube 
with debris. The lava was thereby forced to overflow, cool, and 
solidify ; and the danger was averted. 

Effects of Escaping Gases: Vesiculation of the Lava. That lavas, 
even after they have issued from the volcanic vent, still contain dis- 
solved gases is amply shown not only by the clouds of steam that 
escape from them for weeks and months but also by the structures 
they assume as they solidify into rock. Viscous lava may become 
highly inflated by the expansion of innumerable bubbles of gas. Each 
bubble hole is a vesicle, which is spherical if the lava was stationary 
and almond shaped if the lava was moving and drawing out the vesicle 
while the hole was forming. The upper portion of a flow, especially 
of a viscous silicic lava, may contain so many bubble holes that it has 
become a veritable froth. Rock froth, which is generally white or light 
colored, is known as pumice. 

In more fluid lava, especially basalt, the gas cavities, or vesicles, 
attain larger sizes. If the cavities are highly irregular in shape and 
size and are so abundant that there is at least as much empty space as 
solid matter, the resulting rock is scoriaceous. Loose pieces of such 
material are called scoriae; they are commonly dark, black, or reddish. 

Phases of Volcanic Activity. We have seen that volcanoes eject 
materials of three kinds: gases, liquid lava, and solid fragments. The 
nature of a volcanic eruption depends largely on how much of each is 
ejected. According to its phase of activity, a volcano emits very dif- 
ferent proportions of these products. , Volcanologists generally charac- 
terize the activity a volcano is displaying at a particular stage in an 
eruption as ha'waiian, strombolian, vulcanian, or pelean, terms indic- 
ative of the most characteristic habits of certain well-known volcanoes. 

Hawaiian Phase of Activity. In the mildest phase of activity vol- 
canoes tranquilly discharge flows of lava, unaccompanied by the explo- 
sive escape of gases and the ejection of fragmental material. The lava 
thus discharged is very hot and highly fluid. More or less gas is given 
off, but it is released without catastrophic violen-ce. Well-known ex- 
amples are in Hawaii. Therefore this nonexplosive phase of activity 
is termed hawaiian. 

The island of Hawaii is built of an immense mass of basaltic lavas 
crowned by five great volcanoes, of which Mauna Loa (13,680 feet 
high) and Kilauea (4000 feet high) are. active. Mauna Loa exceeds all 
other active volcanoes in its yast .size and in the amount of lava it 
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erupts. Immense columns of white-hot lava play as fire fountains at 
times 700 feet high, and afford truly spectacular displays. Its flows 
of lava generally issue from its flanks rather than from the summit 
crater, and sometimes they issue below sealevel. 

On the eastern slope of Mauna Loa, 22 miles from its top and 10,000 
feet lower, is Kilauea. In the summit of Kilauea is a depressed area, 
rudely oval and 9 miles in circumference, shut in except on the south 
by vertical cliffs, which are as much as 450 feet high. In the floor 
of this depression is Halemaumau, the “Everlasting House of Fire,” 
a pit which before 1924 was 1300 feet in diameter and contained a lake 
of liquid basalt, “boiling” and fountaining because of the abundantly 
escaping gases (Fig. 202). The “pit” is the upper end of the conduit 
of Kilauea. In 1924 the column of lava in the pit suddenly dropped 700 
feet, and this subsidence was followed by explosive eruptions, the first 
since 1790. 

The explosions of 1924, after an uninterrupted period of 134 years 
of quiet extrusion of magma, illustrate the principle that even basaltic 
volcanoes, which usually extrude the most fluent of lavas, become at 
times violently explosive. As the result of the sinking of the lava 
column to great depth in the volcanic pipe, the ground water in the 


HAWAIIAN VOLCANO OBSERVATORY. 

Fig. 202. Halemaumau, the fire pit of Kilauea. October, 1921. 
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surrounding edifice suddenly entered into the pipe. There it encoun- 
tered hot rock and magma, generated immense quantities of steam, and 
caused the spectacular explosive eruptions. Enormous cauliflower 
clouds were emitted, and large amounts of old rock that had avalanched 
into the pipe were blown out. 

Strombolian Phase. The volcano Stromboli is in the Mediterranean 
Sea north of Sicily, in the Lipari or Aeolian Islands. It has been 
continuously active since the dawn of history, its eruptions as a rule 
consisting of mild explosions every 10 or 15 minutes, whereby clots 
of fluid or viscous lava are hurled into the air and fall back into the 
crater. Two features of this eruptive activity are notable: first, the 
magma does not freeze over between successive explosions; and, second, 
despite the great amount of heat continuously lost from the open crater, 
this loss has been made good by supplies coming from the depths, prob- 
ably by up-streaming gases, during the past 2000 years. Stromboli 
ejects hot, incandescent material, producing luminous eruption clouds; 
hence Stromboli has been called the lighthouse of the Mediterranean, 
i volcano, accordingly, is said to be in a strombolian state when it 
blows out clots of incandescent lava and the magma in its crater does 
not crust over between consecutive explosions. 

Vulcanian Phase. Vulcano is another active volcano in the Lipari 
Islands. Its magma is stijSly viscous and crusts over solidly between 
consecutive explosions. This crust is shattered during the next erup- 
tion^and angular fragments of rock are therefore blown out by explo- 
sions of this kind. The eruption clouds rise vertically from the crater, 
are dense, and take on cauliflower-like forms, but even at night they 
are dark; that is, they are not incandescent. . 

Ultra-vulcanian is a term often used for eruptions in which only old, 
cold material is blown out. Activity of the ultra-vulcanian type is 
most likely to occur during the clearing out of a volcanic vent after the 
volcano has been dormant for some time; and it is known to take 
place regardless of the kind of magma a volcano emits, whether silicic, 
intermediate, or subsilicic (p, 299) . The explosive eruption of Kilauea, 
in 192-1 ju.-<t dosc’ribed was an ultra-vulcanian eruption from a volcano 
wlioso i)rcvailing activity is of the hawaiian type. 

Pdf an Phase. The pelean phase is the most violently explosive of 
all, an<l its eruption clouds are denser even than the vulcanian. 

Tlio volcano of Mont Pelee on.the island of Martinique in the West 
Indies, after mild premonitoiy, sytfiP'tbiias, began in May, 1902, to 
ei-upt in a scri(;s of violent explosions.-. It had been in repose since 1851, 
and at tliat time had been only feebly eruptive. The probability there- 
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fore IS that the internal pressure then existing had been only partly 
relieved and that during the long dormant period — 51 years— an im- 
mense gas pressure was built up. No lava was discharged during the 
eruption of 1902, but, on the morning of May 8, an enormous dense 
black cloud of superheated steam heavily laden with fragments of 
extremely hot gas-charged lava blew out horizontally from the flank 
of the mountain and sped down the slopes to the sea, at a rate of more 
than a mile a minute. Annihilating all life in its course, the cloud 
swept through the town of St, Pierre 5 miles from its point of origin 
and instantaneously destroyed the town and its 26,000 inhabitants and 
the 2000 who in the previous days had fled to it for safety. Only two 
persons, one of them a prisoner in the dungeon, are known to have 
escaped alive. Almost at the same time La Soufriere on St. Vincent, 
90 miles away, ejected a similar destroying blast, the “Great Black 
Cloud,” which killed 2000 people and devastated a broad tract of coun- 
try, For many months after, Mont Pelee continued at irregular in- 
tervals to eject these clouds, one of which is shown in Fig. 203 as it 
arrived at the sea. During 1929-1932 there was a mild repetition of 
the activity so characteristic of 1902. This relative mildness is ascrib- 
able to the fact that the interval had been too short to build up the 
tremendous gas pressure that obtained in 1902. 

The great eruption of Pelee in 1902 directed attention to a phe- 
nomenon previously unknown. The French investigators called the 
remarkable clouds mbees ardentes, meaning scorching or glowing c|ouds. 
These remarkable clouds are now called pelean clouds. The extraordi- 
nary features of a pelean cloud are: it is ejected horizontally from be- 
neath the lava plug in the summit of the volcano instead of blasting the 
plug out vertically upward; it is extremely hot; it travels at great 
speed; it carries with it an enormous quantity of highly gas-charged 
lava fragments, including blocks many yards in diameter. All this 
material is deposited chaotically together, instead of raining down ac- 
cording to size, as from other volcanic clouds. In reality, the cloud 
hides the vital feature of the ejection — ^the immense quantity of hot 
gas-emitting lava fragments moving close to the ground at enormous 
speed, more than a mile a minute. 

Pelean clouds having drawn attention to themselves so forcibly as 
features of volcanism, the question arose whether other volcanoes have 
ejected them in the past. If so, by what criteria can such eruptions be 
recognized? Later we shall see that pelean clouds are regarded as 
having been ejected in immlense numbers and in unprecedented mag- 
nitude from the volcano that once stood at Crater Lake, Oregon. 
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Factors Determining Explosive Power of Magmas. The explosive 
power of a magma depends primarily on how much gas it contains. If 
it contains no gas, it has no explosive power. Furthermore, viscosity 
influences the readiness with which gases are liberated from magmas. 



Gloud from Mont Pel6e, Dec. 16, 1902, arriving at the sea. Height of cloud 
is 13,000 feet. 


Viscosity in turn is enormously influenced by the composition and by 
the temperature of the magma, being very much less at higher tem- 
peratures. Because temperature and gas content of a magma can 
change, the explosive tendency of the magma can change; consequently, 
at different times the same volcano' may go through several different 
phases of explosive activity. 

Explosive activity is much more common in volcanoes that eject 
andesitic and rhyolitic lavas than inBasaltic volcanoes. The greater 
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explosive power of andesitic and rhyolitic volcanoes in comparison with 
that of basaltic volcanoes is undoubtedly the result of the higher gas 
content of their magmas. 

Varieties OF Volcanoes and Craters 

Pyroclastic Cones. The shape and structure of the edifice built up 
around a volcanic vent depends on the material of which it is formed. 
If the edifice is made wholly of fragmental ejecta, a steep cone is 
built. Slopes of 30 degrees, rarely 40 degrees, are attained before the 
accumulating mass begins to slide. Volcanic edifices of this kind are 
called pyroclastic cones; they are characteristic results of explosive 
eruptions. A pyroclastic cone built of huge angular blocks forms the 
summit of Etna (p. 318). If a pyroclastic cone consists wholly of 
cinders and lapilli, it is called a cinder cone. Cinder cones are rela- 
tively small; none of them exceeds a height of 1000 feet (Fig. 204). 

Shield Volcanoes. Many volcanoes have been built largely or en- 
tirely by the piling up of lava flows one upon another around a central 
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Fig. 204. Cinder coni, 200 feet high. Amboy, California. 
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vent. A volcano built in this way is low in proportion to the immense 
area it covers and shaped like a shield, its summit constituting a gently 
convex plateau; hence it is called a shield volcano (Fig. 205). Vol- 
canoes of this kind are built up by the emission of highly fluid lava 
flows, which spread widely as thin, nearly hormontal sheets. They arc 
well represented in the Hawaiian Islands, Mauna Loa, 13,680 feet 
high, is a vast shield volcano, the largest in the world; it is an enor- 
mous, gently sloping dome; its slope near its base is 2 degrees, increas- 
ing summitward to 10 degrees, but flattening above an altitude of 
10.000 feet. 



Fig. 205. Section through a shield volcano. Sills, dikes, and the filling of the central 
conduit are shown in black. 


Stratovolcanoes. Most volcanoes, including many of the world’s 
larger volcanoes, are intermediate in form between the steep pyroclastic 
cones and the flat domes of shield volcanoes. They are built of layers 
of fragmental ejecta alternating with lava sheets. This composite 
structure has resulted from the fact that the volcanoes were at times 
explosively active and at other times were quietly discharging streams 
of lava. The rude layering, or stratification, thus produced slopes 
downward and outward from the conduit of the volcano (Fig. 206). 
Such composite cones are called stratovolcanoes (Fig. 207). 

The ejecta composing the layers gradually become compacted by 
their weight and by the infiltration and deposition of cementing sub- 
stances. As previously mentioned, the coarser material forms volcanic 
breccia, and the finer material forms tuff. 

Since lava rarely flows over the lip of the crater but, especially in 
high volcanoes, issues from fissures in the sides of the volcano, these 
fissures also become filled with molten lava, which hardens into rock, 
forming dikes. The dikes radiate from the vent as a center, and they 
serve as ribs to strengthen the volcanic cone. Thus a vertical section 
through a volcano of this kind reveals a central core of massive igne- 
ous rock or of vent agglomerate surrounded by beds of tuff and breccia 
and intercalated sheets pf lava,. ■.\#iieh' are .cut by a radial system of 
dikes. , . 



most active volcano in the Philippine Islands, is generally regarded as 
the finest example of a stratovolcano (Fig. 208) i Many others the 
world over have similar graceful contours, but the most famous is 


Fig. 207. Stratovolcano. The internal layered structure has resulted from the alter- 
nation of breccias, tuffs, and lava sheets dipping away from the central vent. The profile 
is that of Mayon (Fig. 208). 


Fujiyama, the sacred mountain of Japan, towering 9000 feet above its 
surroundings. Within our own country are the majestic cones of the 
Cascade Range, all of them stratovolcanoes — Rainier, Adams, Flood, 
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As a result of its composite construction a volcanic cone of this origin 
has a characteristic profile of great beauty: with concave slopes, gentle 
near the base steepening upward to the summit crater. Mayon, the 


Fig. 206. Part of a volcanic cone, showing inclined beds of tuff and breccia. Trinchera, 
Colorado. 






Fig. 208. Mayon, Philippine Islands; height 7900 feet. One of the world' s finest 
examples of a stratovolcam. 


Shasta, to name only some — which give the range its distinctive scenic 
grandeur. 

Plug Domes. At the time it is being extruded, a magma may be too 
viscous to flow readily. Consequently the sluggish pasty mass piles 
up over the vent as a great dome, termed a plug dome. A plug dome 
grows by expansion from within. As it becomes larger, the exterior 
of the dome hardens and forms a carapace, but, because of the con- 
tinuing expansion of the dome, the carapace cracks and sheds blocks, 
which roll down the flanks and form immense accumulations of angular 
blocks. Such doming is confined chiefly, though not wholly, to silicic 
lavas. 

Thirteen domes formed in this way occur within an area of 50 square 
miles in Lassen Volcanic National Park, the largest being Lassen Peak 
itself. ■ 

After the violent eruption of Pelee in 1902, the column of silicic 
magma that filled its vent hardened into rock at the surface but re- 
mained highly viscous in the interior, and the whole mass was pushed 
up so that it rose like a vast tower above the volcano and eventually, 
a year after the destruction of St. Pierre, attained a maximum height 
of 1200 feet above the crater rim. As viewed from the northeast, the 
tower resembled a gigantic spine and was therefore called the spine of 
Mont Pelee (Fig. 209) . Gradually it crumbled into a mass of blocks 
as a result of continuous explosion of gases. 

Compound Volcanoes. Pyroclastic cones, stratovolcanoes, and 
shield volcanoes represent only the simpler types of structures. Many 
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existing volcanoes are actually much more complex, and are therefore 
called compound volcanoes. Etna, which Sicilian geologists proudly 
call “the most classic volcano in the world,’' is a good example of a 
compound volcano. The main bulk is made up of lava flows, consti- 
tuting a vast shield volcano. On its summit stands a pyroclastic cone, 
made up of huge angular blocks. It is 1000 feet high and is thus small 
in comparison with the great bulk of Etna, but it is of great interest as 


Fig. 209. Spine of Mont Pel6e, March 25, 1903. 


it testifies that the eruptive processes of Etna have undergone a change 
in the recent past. 

Calderas : Explosion and Collapse Calderas. Caldera, Spanish for 
caldron, is the term applied to crater-like basins of volcanic origin 
that are of great size, especially those which are wide compared to their 
depth. The term was taken from, the huge circular pit in the Canary 
Islands, called La Caldera, which is 3 to 4 miles wide and is bounded 
by lofty cliffs 1500 to 2500 feet high, except on one side where the en- 
circling wall has been breached by erosion. As seen from a distance, the 
mountain inclosing a caldera resembles a huge cone that has been trun- 
cated far below its apex. As viewed from its floor, a" caldera is a wide 
plain ringed by cliffs. In this plain there may be active volcanoes, or 
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Fig. 210. Crater Lake, Oregon, a lake in a caldera. The island. Wizard Island, 
is the summit of a small volcano built after the top of the main volcano had col- 
lapsed. 


there may be extinct volcanoes, or there may be active and extinct 
volcanoes together. 

Many calderas occur throughout the world. Some were formed by 
gigantic explosions that blew away the tops of former volcanic cones 
as dust and ash. Great circular pits mark the sites of these wrecked 
volcanoes. Calderas definitely known to have been formed by explo- 
sion rarely exceed 1 mile in diameter. 

Calderas, especially those more than 1 mile in diameter, are formed 
by the collapse and engulfment of the summit portions of volcanoes. 
The collapse may have been caused by subsidence along a circular 
fracture, as at Kilauea, or it may have resulted from- the rapid empty- 
ing of the magma reservoir beneath the volcano. 

Crater Lake, in southern Oregon, is at the summit of a volcanic 
mountain in the Cascade Range. A mysterious place for a lake, thought 
its astounded discoverers. The lake, justly famous for its beauty and 
the marvelous blue color of its water, is 5 miles in diameter, 2000 feet 
deep, and encircled by steep cliffs 500 to 2000 feet high (Fig. 210). 
These cliffs reveal clearly the anatomy of an old volcano ; and the lake 
therefore manifestly occupies a caldera — ^not a crater, for its diameter 
of 5 miles greatly exceeds that of aiiy known eruptive vent. An island 
in it^ — ^Wizard Island — is the unsubm;erged top of -a small but perfect 
cinder cone, which shows that feeble eifuptions broke out after the 
caldera had been formed. The caldera, if emptied of the water now 
in it, would appear as a great ojt;cukr pit 4000 feet deep. 
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The volcano that formerly stood here, named Mount Mazama, was 
built up to a height of 12,000 feet, about 6000 feet above the platform 
on which it stood; during most of its life it was heavily capped with 
snow and glaciers. The upper 6000 feet of the volcano have disap- 
peared. The volume of the vanished portion is 17 cubic miles. Where 
has this material gone? The reason for believing that the caldera was 
formed by collapse and engulfment of the top of the former volcano, 
rather than by explosion, lies in the absence of the debris— the immense 
volume of tuff and breccia — ^that so gigantic an explosion would have 
spread over the immediately adjacent outer slopes. Late in the life of 
the volcano, just before the final catastrophe, there were enormous 
eruptions of pumice, which culminated in the ejection of pelean clouds 
of extraordinary magnitude and intensity. Some were so powerful that 
they traveled 34 miles from the volcano. Magma was also drawn off 
subterraneously from the conduit. Thus the superstructure of the vol- 
cano was weakened, and it collapsed into the partly emptied magma 
reservoir, forming the caldera. This catastrophe is estimated to have 
happened 10,000 years ago. , 

There is no sharp demarcation in size between a crater and a caldera. 
The essential feature of the caldera, as already emphasized, is that its 
diameter is generally enormously larger than that of the supply pipe 
of the volcano. However, craters enlarged by a reaming out, as it were, 
are not calderas. During periods of repose of a volcano, avalanching 
from the walls into the crater occurs, thereby increasing the upper 
diameter of the crater. Subsequently the fragmental material that fell 
into the crater may be blown out. During continuous blow-offs of gas, 
such as characterized the great eruption of Vesuvius in 1906, avalanch- 
ing of this kind and the ejection of the avalanched material enlarge the 
crater many fold, but craters thus reamed out are genetically different 
from calderas. 

Explosion Pits. In some places volcanic activity has gone no further 
than to drill a vent through the country rock. The material blown out 
consists therefore largely of fragments of the country rock mixed with 
only a minor amount of lava fragments. Because of its small volume, 
the ejected material has made only a low ridge around the pit, but no 
real cone was built (Fig. 211). Such pits range in width from a few 
hundred feet to possibly 2 miles. In moist regions they are filled with 
water and form lakes. 

Vesuvius. Vesuvius has by long and careful study become the best- 
known volcano in the world. ' It is therefore of interest to present some 


Fig. 211. Explosion pit occupied by a lake. The low cone around the vent consists 
chiefly of fragments of the country rock perforated by the vent. An explosion pit is an 
embryonic volcano. 



Vesuvius stands on the site of an older volcano, Somma. To the 
Romans Somma seemed to be extinct, for, although they recognized its 
volcanic nature, they had no traditions of its ha,ving been active. In 
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Fig. 212. Map of Vesuvius and vicinity. Some of the larger streams of lava erupted in 
recent years are shown. 

A.D. 79 the volcano became violently active in eruptions that destroyed 
the towns of Herculaneum and Pompeii op its seaward flanks. Much of 
Somma: on the side toward the ,sep was blown away or engulfed, and 
caldera was formed. In this caldera Vesuvius began to be built and 
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is now 4000 feet high. Partly inclosing it is the crescentic ridge of 
Monte Somma, the remains of the rim of the caldera (Fig. 212). 

Since 1631, Vesuvius has been in a state of almost constant mild 
activity, with irregular periods of violent eruption. The three greatest 
eruptions in its history occm'red in 79, 1631, and 1906. In the eruption 
of 1906 three stages of activity were recognized. During the first stage, 
lasting four days, incandescent floods of lava were discharged from fis- 
sures that opened successively lower and lower on the flank of the cone. 
Earthquake shocks increased in violence and frequence, so that in effect 
there was a continuous earthquake for several hours. Great explosions 
of strombolian type blew immense quantities of incandescent lava thou- 
sands of feet into the air. By night the glowing clots illumined the 
surrounding region as by a gigantic pillar of fire. During the second 
stage gas was emitted in vast quantity; it escaped under enormous pres- 
sure and ascended as a continuous blast with enormous speed to a 
height of 8 miles, where it spread laterally as cauliflower clouds (Fig. 
213) . It lasted all of the daylight of April 8, as a continuous blow-off. 
The discharge of this colossal jet of gas enlarged the crater. This stage 
was succeeded by the ejection of dark ash expelled by powerful isolated 
explosions. The whole eruption lasted 18 days, and when it ended the 
crater was 2200 feet wide at the top and 2000 feet deep. 

The mechanism of this great eruption is conceived to be as follows. 
The crater slowly filled with magma, which gradually by absorb- 
ing ground water and oxygen became superheated and gas charged. 
Finally the magma bored through the walls of the crater; escaping 
through the perforations and through fissures, it flowed out, thereby 
diminishing the pressure on the underlying gas-charged magma. The 
stupendous blow-off of'the highly compressed gas then ensued, and the 
crater was reamed out. After the blow-off ceased, material began to 
avalanche into the crater. The relatively cold debris that thus fell 
into the crater was blown out by intermittent explosions, making the 
final, dark-ash phase of the eruption. Repose then set in, and Vesuvius 
began to recuperate. 

Not till 1913 did the crater begin to fill with lava. At length, in the 
fall of 1926, the accumulated lava flowed over the top, and again in 
1927 and 1928. In 1929 innumerable gas vents gave forth much hydro- 
chloric acid and deposited iron and alkali chlorides. The crater became 
a lake of brilhantly incandescent lava. Pieces of’ slag were hurled more 
than 4 miles. Seismic activity, emanating from a shallow focus, was 
violent. Lava flows were poured? out, extraordinarily thinly fluid be- 
cause of their large gas content and their high temperature (about 
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Fig. 213. Climax of the great gaa blow-off, during the eruption of Vesuvius in 1906. 


taciilar eruption. Many lava flows were discharged, and immense quan- 
tities of ash and cinders were blown out. After a week’s activity, the 
eruption, ended as suddenly as it had begun. It was the biggest erup- 
tion of the century. 

Vesuvius erupts lava of a rare type. This lava differs markedly from 
the material erupted during the initial outbreak of its ancestor; Somma, 
about 9500 b.c. Vesuvius and Somma have blown out a great variety 


1]00°C.) . Descending the mountain, they overwhelmed several small 
villages. 

On March 18, 1944, when the Allied troops had reached Naples in 
their northward advance through Italy, Vesuvius broke out in a spec- 
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of rocks torn from the foundations and the magma reservoir; about 25 
different kinds have been recognized. From these ejected blocks, from 
tlie surface geology, and from study of earthquake records, the magma 
reservoir from which Vesuvius draws its lavas and explosive energy is 
inferred to be at a depth of 15,000 to 18,000 feet (Fig. 214) . The 
magma in this reservoir is slowly solidifying, and the gas content be- 
comes concentrated in the continuously decreasing fluid portion, thereby 
building up pressure and explosive power. Some evidence, based on the 
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Fig. 214. Section through Vesuvius, showing the inferred magma reservoir at depth. 

change in chemical composition of the lavas erupted during the life of 
Somma and its successor, Vesuvius, suggests that the magma has been 
dissolving the limestone and dolomite wall rocks surrounding the reser- 
voir. It thereby augmented its gas content and its explosive power by 
the carbon dioxide acquired by dissolving the carbonate rocks. In this 
respect Vesuvius is an abnormal volcano. 

Meteorite Craters: “Pseudo volcanic” Features. A pit strongly 
resembling the explosion pit of an embryonic volcano indents the 
plateau near Flagstaff, Arizona (Fig. 215) . It is nearly circular in out- 
line, is 4000 feet across and nearly 600 feet deep. It is sunk into hori- 
zontal sedimentary strata. Encircling it is a low ridge made up of a 
wildly chaotic assemblage of immense blocks of rock. Fragments were 
blown out as far as 6 miles from the pit. Some 20 tons of iron meteorite 
fragments found in and around the crater led to the idea that the crater 
w^as formed by the impact of a huge meteorite. Exploration for the 
meteorite by drilling twenty-seven boreholes and sinking nine shafts 
has established that the strata beneath the pit are completely intact 




Bg. 215. Meteor Crater, Arkpna, as seen from the southeast. 


and undisturbed. Thereby the pit has been conclusively proved to be of 
nonvolcanic origin. This and other cogent evidence leaves little doubt 
that the pit was formed by the impact of a meteorite and the resulting 
explosion caused by heat generated by the impact. Hence the pit has 
been named Meteor Crater. 

In recent years many meteorite craters have been recognized in 
widely separated localities in the world. In the opinion of ballistics 
experts any meteorite more than 30 feet in diameter would on striking 
the Earth generate enough heat to volatilize completely. ^ This heat 
would create at the place of impact a pseudovolcanic explosion. 

Erosion of Volcanoes 

Destruction of the Cones. During all its life a volcano is subject 
to weathering and erosion. Its height and general appearance at any 
given time are determined by the balance between these destructive 
forces and the constructive forces of volcanism. Even an active and 
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growing volcano is trenched by ravines, and gulches. After explosh^e 
eruptions, when the cone is freshly covered with dust and ash, this 
loose material becomes so saturated with water from the rainfall that 
it slides down as flows of liquid mud, forming-gullies which become 
enlarged by subsequent storms. Such a mudflow overwhelmed the city 
of Herculaneum on the flank of Vesuvius in a.d. 79. It hardened like 
concrete and covered up the town so thoroughly that Herculaneum be- 
came completely forgotten and was discovered in 1738 only by acci- 
dent. The superior preservation of papyri and works of art in Hercu- 
laneum compared to those in Pompeii is due to the effective sealing- 
provided by the concrete- like covering. 

As soon as a volcano becomes extinct, the ravages of erosion are no 
longer repaired, and demolition begins. The tuffs and breccias are car- 
ried away rapidly; the harder, more resistant flows and dikes and the 
parts protected by them are eroded more slowly. It is surprising, how- 
ever, how long cones that are built of loosely piled cinders resist erosion 
and retain their form. They resist so well because they are built of 
porous material, which lets the rainfall sink into it without causing 
runoff. 

As erosion progresses, the volcanic neck consisting of the material 
filling the supply pipe of the volcano becomes exposed to view. When 
the cone is demolished, the volcanic neck, because of its greater re- 
sistance, generally forms a conspicuous prominence; and, when erosion 
has finally swept away all external evidence of the volcano and has 
revealed the foundation rocks on which the volcano stood, the neck 
remains projecting, a monument to the vanished volcano. Eventually 
it also vanishes, the 'Toots” of the volcano become more and more 
deeply exposed, and finally all evidence that a volcano was once present 
is obliterated. 

Extinct volcanoes occur in every quarter of the globe, many of them 
where volcanic activity has long ceased. All stages of demolition are 
represented among them: from cones only slightly attacked by erosion 
to those so greatly eroded that the original shape has disappeared, but 
whose central rock shaft : (the volcanic neck) , outlying concentric 
masses of lavas, tuffs, and breccias, and radial dikes still plainly show 
that they were once volcanoes. 

The demolition of a volcano by erosion is most easily visualized if 
the successive stages are shown within the area of a single volcanic field. 
In such a favorable area, because of the accidents of erosion, some vol- 
canoes have been left nearly intact, others have had their outer frame- 
work removed, and still others have been almost wholly destroyed. 
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Obviously, the internal structure of an active volcano is incompletely 
shown. Rarely are we given such an opportunity as at Krakatoa, in the 
Strait of Simda near Java, where the catastrophic explosion of 1883 
blew away half the cone. and revealed the anatomy of the volcano. In 
general we must depend on erosion to reveal the internal structures of 
volcanoes. In this way, for example, it has been ascertained in certain 
deeply eroded volcanoes that their supply pipes change into dikes at 
depth. From this evidence we conclude that some dikes on approach- 
ing near the Earth’s surface have blown out an orifice. 

Some confirmatory evidence has been gathered from actual min- 
ing operations. A few volcanic necks contain economically valuable 
substances: the famous diamond-bearing pipes of South Africa arc 
the most noted examples. There a certain volcanic neck filled with 
diamond-bearing breccia has been mined out to a depth of 3500 feet. 
This neck narrows somewhat in depth, that is, it is funnel shaped; but 
other diamond-bearing necks were found to grade downward into dikes 
and the breccia that fills the necks to change into massive rock. The 
interpretation put on these facts is that magma rose along a fissure and, 
having arrived near the Earth’s surface, exploded its way through to 
the surface. Presumably, such volcanoes were short lived. Longer- 
lived volcanoes are doubtless fed through conduits extending down to 
a magma reservoir. 

The “Roots” of Volcanoes. Volcanism, as we have seen, is only one 
effect, the surface manifestation, of the rise of magma from deep 
within the Earth’s crust. The present volcanism throughout the world 
is the continuation of an activity that has persisted since the beginning 
of geologic time. The present sites of activity are not necessarily those 
of earlier geologic time. However, it is remarkable how long volcanic 
activity has persisted more or less continuously in certain areas— -cer- 
tain parts of the crust have functioned as safety valves over millions 
of years. ■ 

Although magma has risen to the Earth’s surface and has been ejected 
at volcanoes and has also been discharged in colossal amounts during 
mass eruptions, much of it failed to reach the surface. It halted within 
the rocky crust, where on solidifying it formed bodies of intrusive 
igneous rock, ranging from insignificant to enormous dimensions. Such 
intrusive masses are the laccoliths, stocks, and batholiths previously 
described. The conduit of every extinct volcano, could it be traced 
downward, would be found to join an intrusive mass below, or, if the 
conduit is feeding an active volcano, to extend into a body of magma — 
the volcanic reservoir— which in time will solidify as an intrusive mass. 
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Life AND Distkibxjtion 01? Volcanoes 

Age of Volcanoes. The span of life of active volcanoes differs 
greatly in different individuals. Etna, as we know from written testi- 
mony, has been erupting for the last 2500 years as it does now. 
Its great volume compared to its slow rate of growth makes it probable 
that at least 300,000 years have been required to build this grand vol- 
cano. From the human standpoint that is an immense lapse of time. 
On the other hand, w^e know from geologic evidence that Etna did not 
begin to erupt until the middle of the Pleistocene, the most recent of the 
geologic time epochs. From the geologic standpoint Etna is a youthful 
volcano. 

It is impossible to Judge whether a volcano is extinct or is merely dor- 
mant, because hundreds of years may elapse between eruptions. In the 
Middle Ages, Vesuvius had been dormant so long that its crater w^as 
overgrown with vegetation and it gave no sign of life. But in 1631 it 
became violently eruptive and has since been almost continuously 
active. 

New Volcanoes. A few volcanoes, about ten, have come into exist- 
ence during historic time. The first of these is Monte Nuovo near 
Naples, which was born in 1538. In a few days it built a cone of 
trachyte pumice 450 feet high, but discharged no lava. At the end of 
a week it ceased activity and has never resumed. 

Izalco in Salvador, which began in 1770, blew out fragmental ma- 
terial at first, but soon ejected lava, w’hich continued for five months. 
The volcano has been almost continuously active ever since and has 
built a cone 2600 feet high. In its short life Izalco has already dis- 
charged more lava than any other Central American volcano, and it 
ranks among the world’s most active volcanoes. 

Violent activity broke out in 1937 in Blanche Bay, the principal 
harbor of New Britain in the South Pacific. Two volcanoes, Matupi 
and Vulcan, were simultaneously in eruption. Vulcan w^as a newcomer 
and in a day or so built a cone 700 feet high. The volcanoes threatened 
to overwhelm Rabaul, the capital town; consequently the Government 
gave orders that the town be evacuated, and its 4500 people were moved 
to a safer place. 

The infant among volcanoes is Paricutin in Mexico, 125 miles due 
west of Mexico City (Fig. 216) . On February 19, 1943, some 300 earth- 
quakes occurred. Next day the new volcano was born. It blew out 
in the field of Dionisio Pulido, who had gone there to pasture his sheep. 


BJiEHME. 


Fig. 216. Parieutin, the world' s youngest volcano^ in violent activity. 
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According to his account, about noon he saw the first smoke issue in 
thin white columns. By four o’clock flames burst out accompanied by 
clouds of dense smoke, explosions, and loud noises. After that, activity 
rapidly intensified. By the fifth day the lusty young volcano had 
already built itself a cone 300 feet high and was exploding continu- 
ously at the rate of 17 explosions a minute. Ten days later it was 722 
feet high. It kept growing in height, and on its first birthday was 1410 
feet high. Early in the life of the volcano basic lava began to flow out 
from near the base of the cone. Other flows followed. The temperature 
of these lavas near the source was 1200®C. Spectacular effects were 
common, especially at night, when there were magnificent displays of 
fireworks. During the early months the volcano blew out mainly in- 
candescent bombs, generally 3 to 6 feet in diameter, occasionally 15 
feet. Bed and orange as seen at night, the bombs falling on the cone 
and rolling down its flanks illumined the whole volcano in a mass of fire. 

Paricutin is in a region containing scores of large basaltic shield vol- 
canoes, as well as thousands of basaltic cinder cones, all of about the 
same size as Paricutin. Jorullo, a new volcano that came into existence 
in 1759, breaking out in the middle of a plantation, is 45 miles southeast 
of Paricutin; after it had attained a height of 1300 feet it became 
inactive. 

Paricutin, as well as all the other new volcanoes, has broken out in 
a volcanic area. The probability is therefore small that- any volcano in 
the future will break out in a non volcanic area. However, four hundred 
years of immunity for the nonvolcanic areas, which is the span of time 
on which the prognosis is based, is insignificantly short in the long- 
range view of geology. In the light of the fact that volcanoes in the 
geologic past have broken through any part of the Earth’s crust regard- 
less of its constitution, the possibility exists that at some time volcanoes 
will break out in areas now nonvolcanic. 

Volcanic Activity at Lassen Peak. No w^ell-authentieated volcanic 
eruption was witnessed within the limits of the United States (outside 
of Alaska) until May, 1914, when Lassen Peak in northern California 
erupted explosively. The eruptions were chiefly of gases and rock frag- 
ments. In 1915 two enormous explosions took place — two great blasts 
that blew out horizontally from beneath the lava plug in the top of the 
volcano and laid waste a wide swath of country. Lassen Peak is a 
decadent volcano, whose explosiveness appears to be stimulated by 
water fi-om melting snow gaining access to the still-liquid magma that 
is solidifying and crystallizing within the conduit. In recent years the 
only activity has been the feeble emission of gases. 
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Geographic Distribution of Volcanoes. The present active vol- 
canoes exceed 500 ; but those dormant or but recently extinct^ as shown 
by their slightly eroded condition, amount to several thousand. 

Volcanoes tend to occur in long belts on the Earth’s surface. The 
most marked of these belts encircles the Pacific Ocean. It extends 
northward along the Andes, through Central America into Me.xico, 
through the United States and Canada to Alaska, then along the Aleu- 
tian chain to Asia, and, turning southward through Kamchatka, Japan, 
and the Philippines, it crosses the East Indies, and by various island 
chains again passes into the Pacific. Portions of this belt, like the 
Andes and the Aleutian chain, are remarkably linear and well devel- 
oped (Fig. 217). Linear arrangement of volcanoes occurs not only on 
this large scale, but also on a small scale, as shown by the occurrence of 
isolated groups of volcanoes along lines. 

Volcanoes occur both on the continents and in the oceans. They are 
notably abundant in the Pacific; some are extinct or dormant, but many 
are active; in fact, three-fifths of all active volcanoes are in the Pacific 
alone. Here also many of the volcanoes occur along lines and stand on 
submarine ridges that rise from the deep-sea floor. A superlative 
example is the Plawaiian ridge, extending for 1800 miles and crowned 
with mighty volcanoes, active and extinct. The linear arrangement of 
volcanoes suggests that they are as a rule situated on, or near, lines of 
weakness marked by fracturing or by folding in the Earth’s crust (p. 
400). 

On the other hand, a volcano, or a group of volcanoes, may originate 
without being connected with fractures or with axes of folding. Vol- 
canic forces have been sufficiently powerful to bore or blast their way 
to the Earth’s surface without the aid of a fracture in the outer crust. 

That almost all active volcanoes arc situated either in the sea, or 
around its borders, and if inland are in or near lakes, has led many to 
believe that, there must be a necessary connection between surface 
waters and the cause of volcanic activity. This question is considered 
later in the discussion of the origin of volcanoes. 

Subaqueous Flows; Pillow Lavas. From the prevalence of vol- 
canic islands in the sea, it is evident that vast outpourings of lava liave 
occurred on the sea floor. The volcanic chain of the Hawaiian Islands 
is an example of this. Eruptions in progress beneath the sea have been 
recognized by the issuance of vapors and ash from the water. Thus, in 
1831 a volcano was formed in the midst of the Mediterranean vSea, 
making a new island called Graham’s Island. Being composed of loose 
material, it 'was soon reduced to a shoal by the waves. The three 





VOLCANOES AND VOLCANISM 333 

Bogoslov volcanoes in Bering Sea formed in 1796, 1883, and 1906 are 
other examples. In 1934 two new volcanoes appeared above the sea 
near Japan; one, in the north, is basaltic and grew to a height of 400 
feet; the other, in the south, is rhyolitic and stands 80 feet above sea- 
level. 

Eruptions occur also on the floors of bodies of fresh water. More- 
over, streams of lava flow from the land into the sea or into lakes. 
Basaltic lavas that were erupted subaqueously or that flowed into 
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Fig. 218. Pillow lava, the result of eruption under water. 


bodies of fresh or marine water may take on a curious internal structure 
during solidification. The resulting lava flow resembles a pile of 
pillows, the individual pillows along their contacts showing mutual 
indentation and accommodation to the shapes of tlieir neighbors (Fig. 
218). Such lavas are expressively termed 'pillow lavas. Consequently, 
when we find pillow lavas intercalated bet-ween sedimentary rocks, we 
infer that they were erupted into a body of water. 

Mass Eruptions. Lava has been poured out on a gigantic scale at 
intervals since the beginning of geologic time and has deluged enormous 
tracts of country. These floods of lava were discharged from deep- 
going fissures in the Earth’s crust, that is, from fissures not connected 
with volcanoes, and w^ere erupted with little accompanying explosive 
activity. By these outpourings immense broad plains or plateaus have 
been formed consisting of superposed horizontal sheets of lava with a 
few intercalated beds of tuff. 


SIMMER STUDIO, WENATCHEE, WASHINGTON. 

Fig, 219 , Basaltic lava, showing the horizontal superposition of flow upon flow. 
The cliff- is 2000 feet high. Columbia Fiver, near Trinidad, Washington. 


A basalt plateau formed in this way is the immense lava field of the 
Columbia Plateau in Washington and adjacent portions of Idaho and 
Oregon, which is 200,000 square miles in extent. As shown by the deep 
canyons of the Columbia River, Snake River, and other tributaries, the 
lava pile is as much as 4000 feet thick (Fig. 219) . The Deccan trap 
(basalt) of western India now extends over a compact area of 250,000 
square miles, but erosion has been at work ever since it. was erupted 
60 or 70 million years ago and has detached many areas as outliers. 
Originally the Deccan trap extended as a continuous basalt plateau 
over nearly 500,000 square miles. In places the piled-up lava sheets, 
whicli are individually thin, averaging about 15 feet, total 10,000 feet 
in thickness. 

The horizontal layering of the lava sheets that make up these 
plateaus testifies to the extreme fluidity of the issuing magma, which 
permitted the lava to flow on a nearly level surface for many miles 
before congealing. Another result of the easily fluent nature of the 
lavas is that the average flow is only 15 to 40 feet thick. In the vast 
quantities of lava that have issued as mass eruptions to form the 
plateau basalts, in the Columbia Plateau and Deccan as well as many 
other regions, wm see the most voluminous effects of volcanism. 

Although basalt is the lava chiefly poured out from fissures by mass 
eruption, rhyolite has been poured out on a similar grand scale in 
certain regions. 
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Origin OP VoLCANiSM 

Origin of the Heat. The downward increase of temperature, meas- 
urable in tunnels, mines, and boreholes, indicates that at depths greater 
than 25 to 50 miles the temperature will exceed that of known magmas, 
1000° to 1200°G. According to a view long held, this heat is original, 
in the sense that it is residual from the formerly molten state of the 
globe, which in spite of its great age is still intensely hot at moderate 
depth. 

The discovery of radioactivity has shown that some of the chemical 
elements are spontaneously disintegrating and that during this process 
they are giving off heat in notable quantity. Uranium and thorium 
are the elements of most importance. Consequently if there are local 
concentrations of radioactive matter in the crust, the heat generated by 
radioactivity in those places will gradually accumulate after the lapse 
of millions of years, melt the rock matter, and produce bodies of 
magma. According to this idea the radioactive changes that are going 
on within the Earth produce the heat necessary for volcanic action and 
even for the vaster igneous manifestations represented by the enormous 
batholiths that rise from the depths during epochs of mountain making. 

Radioactive matter is universally present in all rocks, in extremely 
minute concentration. However, if the rocks deeper in the crust contain 
as much radioactive matter as those at the Earth’s surface, |,he amount 
of heat evolved will be so large that the Earth will not be cooling off, 
as it was hitherto thought to be, but will actually be heating up and in 
time will become molten. It is certain, however, that the amount of 
radioactive matter diminishes greatly in depth. Manifestly, the radio- 
active content of the Earth’s crust is of profound importance to its 
thermal condition, but it is too early yet to come to positive conclusions 
based on these revolutionary discoveries. 

Origin of the Diversity of Magmas. Why the Earth has yielded, 
and is still yielding, so great a variety of magmas is a highly interest- 
ing problem. Different volcanoes erupt lavas of different kinds. 
Vesuvius erupts one kind, Etna another. More remarkable still, neigh- 
boring volcanoes may erupt very unlike lavas. Strornboli and Viilcano 
are in the Lipari Islands north of Sicily, only 25 miles apart; Strornboli 
is ejecting basalt, but Vulcano in the recent past has ejected rhyolite- 
lavas about as far apart in composition as possible. 

Furthermore, a volcano_ during the course of its life may erupt lavas 
of several kinds. As many as five kinds of lava were erupted from San 
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Francisco Mountain, a large extinct volcano rising 5000 feet above the 
plateau of northern Arizona. The lavas that Vesuvius is now erupting 
differ greatly from the material ejected by its ancestor Somma. Evi- 
dently an evolution has been going on through the centuries in the reser- 
voirs from which the volcanoes were fed. During a period of long- 
repose of a volcano the composition of the magma in the reservoir may 
change, so that, when the volcano erupts again, lava of a different kind 
is ejected. What causes the changed composition of the magmas 
erupted? It is believed that originally a magma of uniform composi- 
tion filled the reservoir beneath each volcano and that by a series of 
internal changes this magma altered in composition. 

The process by which a magma of initially homogeneous composition 
changes is called magmatic differentiation. This process accounts not 
only for the diversity of lavas erupted, but also for the variety of 
igneous rocks that make up the intrusive masses — ^the laccoliths, stocks, 
and batholiths. The methods by which magmas differentiate are many 
but need not be explained here. One, however, is readily visualized. 
During periods of repose, the top of the lava column in the pipe of the 
volcano crusts over. Below this crust, the more “basic” minerals crys- 
tallize out slowdy and, being heavier, sink in the still-liquid portion. 
Thus there accumulates a heavier, less silicic layer overlain by a lighter, 
more silicic layer. When the volcano erupts again, the first material 
ejected is ip-ore silicic, and the later material less silicic. An extreme 
illustration of this principle appears to be given by the 1931 flow of the 
active volcano on Reunion, an island in the Indian Ocean. In that year 
it discharged a long stream of rapidly flowing lava, more than half of 
whose bulk consisted of large crystals of olivine, although the normal 
basalts contain olivine not visible as a rule to the unaided eye. The 
great abundance of olivine in the lava of 1931 was the result of the 
settling out of these crystals toward the bottom of the reservoir during 
a period of quiet; later, the magma thus enriched in olivine was erupted. 

Magmatic differentiation within the volcano’s reservoir accounts for 
the variety of lavas erupted from one volcano. It does not account, 
however, for the fact that the reservoir of each volcano was initially 
charged with magma of differing composition. Differentiation within 
deeper-seated bodies of magma is invoked as an explanation. The 
composition of the magma with which the reservoir of the volcano 
is initially charged is determined by the stage of differentiation that 
had been reached in the deep-seated parent mass when some of it was 
expelled to a higher level in the crust to fill the volcanic reservoir. 
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The parent magma from which the diverse magmas were derived is 
thought to be basaltic in composition. One of the cogent reasons for 
this belief is that the great mass eruptions that have discharged such 
enormous volumes of lava at intervals throughout the whole span of 
geologic time are of basaltic composition. An ample source of basaltic 
magma in depth is thus demonstrated. Probably a layer of basalt in 
a potentially liquid state underlies everywhere the visible crust. We 
say "potentially liquid” because the evidence from the study of earth- 
quakes, as shown in Chapter 16, suggests that the material at the depth 
of the supposed basaltic layer has rigidity, a property foreign to liquids. 
Because of the tremendous pressure in the Earth’s depths, the material, 
although very hot, is probably not liquid but rigid. Therefore, if the 
pressure on the layer of potentially liquid basalt is relieved at any 
place, as for instance by upward buckling of the Earth’s crust or by 
reduction of the superincumbent load as the result of deep erosion, or 
by both, melting would ensue, and a body of magma would form. 

Origin of the Gases. The chief magmatic gas is superheated steam 
(referred to also as water vapor, or simply as water). It generally 
makes up 95 per cent or more of the total content of gases dissolved in 
the magma. This water may have been part of the original substance 
of the Earth, entrapped in the molten rock matter at or shortly after 
the time the Earth was formed. It may have been in part formed by 
the union of hydrogen, an original constituent of the magma, with 
oxygen of atmospheric or other origin; or it may be water that was ab- 
sorbed by the magma from the surrounding rocks ; or it may have been 
acquired by the magma in melting up rocks containing water-bearing 
minerals. A quantitative evaluation of these possibilities is beyond the 
present powers of science. A magma that has dissolved much limestone 
has become highly charged with carbon dioxide, which, after super- 
heated steam, is the most abundant volcanic gas. Such absorption of 
limestone would generate enormous pressures, and such local develop- 
ment of pressure may have determined the sites of certain volcanic 
vents. Vesuvius, as already mentioned, is believed to owe its explosive 
power in part to this process. 

The combustible gases — ^hydrogen, sulphur, hydrocarbons — appear to 
be original constituents of the magma. Their combustion, especially 
that of the hydrogen, produces the only true flames seen at an eruption, 
and the heat liberated makes the magma somewhat hotter than it is at 
greater depth in the vent. 

That many volcanoes are in or near the sea or near lakes was for- 
merly considered to be strong evidence that the gaseous water contained 
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in the magma was obtained from descending surface water. But this 
evidence when examined loses part of its force. The nearness of some 
volcanoes to the sea, like those of North and South America, is only 
relative to the sizes of the continents. Actually they are far inland . in 
South America 100 to 250 miles, and this includes some cones still 
active — like Cotopaxi — ^which are not near any inland water body; in 
North America 30 to 130 miles or more. Although most of these arc 
extinct, most of them when active were not near any bodies of water. 
However, volcanic cones are permeable edifices, and ground water can 
move freely through them ; and some volcanologists regard it as highly 
probable that magma standing in the crater and supply pipe of a vol- 
cano absorbs water from the surrounding rocks and thus augments 
enormously its explosive potentiality. 

Cause of the Rise of Magma to the Earth’s Surface. Two analogies 
have long been used iii explaining the rise of magma to the Earth’s sur- 
face. The escape of lavas, said Dutton in 1880, “is analogous to what 
takes place when a bottle of warm champagne is suddenly uncorked.” 
The energy of the imprisoned gases is thus considered to be the prime 
motive power. For the volcanoes that are fed from shallow reservoirs 
this still appears to be the most reasonable explanation. The other 
analogy is that of the cracked ice pond, with the water flooding out on 
the ice. According to this idea, the gross weight of the overlying cover 
of solid rocks forces the magma upward. The explanation thus sug- 
gested appears to fit eruptions of the type illustrated by the Hawaiian 
volcanoes, which are fed not from reservoirs within the crust but from 
the basaltic layer below the crust, and it appears to account particu- 
larly well for mass eruptions. 

Fumaroles and Hot Springs 

During the dormant periods between eruptions many volcanoes give 
off steam and other gases. Long after a volcano has ceased to be active 
these emanations’ may continue to issue from its crater or from its 
flanks. Furthermore, large bodies of magma that rose to higher levels 
in the crust without breaking through to the surface have, while solidi- 
fying, given off their dissolved gases. These gases escape through fis- 
sures to the Earth’s surface. The gases issue at the surface either as 
gases or, if sufficiently cooled, as liquids. The escaping gases v/ill be 
considered under the general heading of fumaroles, the liquids under 
hot springs. 
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Fumaroles. Fumaroles (from the Latin /umare, to smoke) are fis- 
sures or holes in the rocks from which steam and other gases escape. 
The fume or “smoke" of the fumarole is therefore mainly steam, which 
generally forms 99 per cent of the total. Other gases, such as carbon 
dioxide, hydrochloric acid, hydrogen sulphide, hydrogen, methane, and 
others, also occur. Fumaroles that give off sulphurous vapors arc 
termed solfata^'as, from the Italian word for sulphur. 

Besides the substances already mentioned, the gases emitted by some 
fumaroles carry metals, such as iron, copper, and lead. These metals 
have been rendered volatile by the presence of chlorides and fluorides 
in the magma and consequently are able to leave the magma and escape 
into the surrounding rocks. As they approach the Earth’s surface the 
volatile metallic compounds begin to react with the other fumarolic 
gases and are deposited as metallic minerals in the fissures through 
which the gases are streaming. Hematite is probably the commonest 
mineral formed in this way. During an eruption of Vesuvius a fissure 
3 feet wide was thus filled with hematite in a few days. Galena, the 
chief ore mineral of lead, is occasionally formed at Vesuvius as the 
result of reaction between the lead chloride and the hydrogen sulphide 
emitted from the fumaroles. When this happens, ores, as it were, are 
actually being deposited under our eyes. In fact, the contemplation of 
these phenomena on the flanks of Vesuvius first suggested the fruitful 
idea that there is a genetic relation between igneous rocks and the oc- 
currence and origin of ore deposits throughout the world. 

The gases issuing from some fumaroles are exceedingly hot. In the 
remarkable fumarole field known as the Valley of Ten Thousand 
Smokes, wdiich came into existence in 1912 at the time of the cata- 
strophic eruption of the volcano Katmai in Alaska, temperatures as 
high as 645°C. have been measured. Some of the fumaroles occurring 
in the Valley of Ten Thousand Smokes are shown in Fig. 220. 

Volcanoes that discharge only gases are said to be in the fumarolic 
stage, or, if the gases carry sulphur compounds, in the sol/a tone stage. 
Some of the great cones of the Cascade Range, such as Shasta, are in 
a feebly solfataric stage. Although the steam given off by a fumarole 
is probably in . the main derived from the magma, its amount is likely 
to be increased by subsurface water that becomes vaporized, either by 
contact wdth hot rocks or by the hot gases of the fumarole itself. 

Carbon dioxide gas is given off copiously , in many places of active 
volcanism and in many places where volcanism has long ago died out. 
In some places carbon dioxide issues directly from the ground as a gas 
spring. Being heavier than air, the carbon dioxide collects during still 



Fig. 220. Fnmaroles issuing from the floor of the Valley of Ten Thousand Smokes, 
Alaska. 


weather in depressions near the vent; and, as it is colorless, tasteless, 
and odorless, pools of this gas are veritable death traps for animals 
that happen to enter them. Their deadliness is attested by ‘‘Death 
Gulch” in Yellowstone Park, where animals as large as grizzly bears 
have become asphyxiated. 

Carbon dioxide given off by magma solidifying in depth may come 
in contact with ground water, which thereby becomes charged with the 
gas. If this carbonated water passes through limestone, it readily dis- 
solves the limestone. When it emerges as a spring at the Earth’s sur- 
face and the carbon dioxide escapes, it deposits the dissolved calcium 
carbonate as travertine. In this way immense masses of travertine 
have been formed by Mammoth Hot Springs in Yellowstone National 
Park. Not all travertine deposits, however, are made by hot springs 
whose carbon dioxide is of magmatic origin. As shown on page 131, 
some travertine deposits have been made by springs whose carbon 
dioxide is of nonvolcanic origin. 

Hot Springs of Volcanic Regions. Hot springs as well as fumaroles 
abound in many volcanic regions. The thermal springs that have no 
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connection with volcanism, such as those at Hot Springs, Virginia, 
have already been mentioned (p, 125) , In many volcanic regions as the 
dry season comes on some of the hot springs become fumaroles, and 
when the wet season returns the fumaroles become hot springs. This 
t'vident seasonal alternation leads to the theory that hot springs are fed 
chiefly by ground water that has become heated by magmatic steam. 
If the descending ground water that enters the fumarole fissure is too 
abundant for the heat supplied by magmatic steam to vaporize it, the 
fumarole becomes a hot spring; in short, such a hot spring is a 
"drowned” fumarole. The circulatory system of a hot spring is in 
principle like the hot-water heating system in a house, but, instead of 
a furnace in the basement supplying the heat, magmatic steam fur- 
nishes the heat necessary to keep the hot spring flowing. The greater 
weight of the downward-moving column of cold water forces the 
warmer, lighter column of water to move upward to the exit at the 
surface, where it issues as a hot spring. 

It is impossible in general to tell how much of the water (and steam) 
of hot springs and fumaroles is of surface origin and how much is of 
magmatic origin. The proportion contributed by each source doubtless 
differs in different regions. The hot springs in Lassen Volcanic Na- 
tional Park and Yellowstone National Park are estimated to consist of 
10 per cent of magmatic water and 90 per cent of water of surface 
origin. 

That magmatic steam has contributed to the hot springs of volcanic 
areas is indicated by the presence in the waters of such substances as 
arsenic, boric acid, and other constituents in quantities and under con- 
ditions that show that they could not have been dissolved out from the 
surrounding rocks of the country. The water of the hot springs of 
Yellowstone Park is largely of surface origin (about 90 per cent, as 
already mentioned), which becomes heated in depth by the condensa- 
tion of magmatic steam in it and returns in this heated condition to the 
Earth’s surface. 

Although there are many kinds of hot springs, according to tempera- 
ture and substances in solution, the most interesting are boiling springs 
and geysers. 

Boiling Springs. Boiling springs are a feature of many volcanic 
regions. They are abundant in Lassen Volcanic National Park and in 
Yellowstone National Park, especially in the geyser basins. They grade 
from pools that are hot but rarely boil, or else simmer quietly, into 
springs that boil strongly and steadily. Some even boil violently and 
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somewhat explosively, interrupted by short periods of repose. The vio- 
lently boiling springs form transitions to geysers. As long as a spring 
has a sufficient supply of water to maintain an overflow, it remains 
limpid and is usually deep blue or green. But if the spring by its boil- 
ing evaporates the water as fast as it comes in, the water becomes more 
or less turbid from particles of disintegrated rock and eventually be- 
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Fig. 221. Vertical section to show the conditions necessary for geyser action. White 
areas represent large cavities in which steam accumulates. 

comes a mass of boiling mud. Such hot springs are called “paint pots,” 
or “mud pots.” 

Geysers. A geyser is a hot spring that at intervals erupts a column 
of hot 4vater and steam. Geysers have marked individualities of their 
own, as is strikingly shown in Yellowstone National Park. Some 
geysers eject a column of water but a few feet high, such as the beau- 
tiful Sapphire Pool, which is a geyser almost suffocated but still at- 
tempting to erupt every 10 minutes. Others blow out columns as high 
as several hundred feet. The highest geyser in Yellowstone Park is 
the Giant, 250 feet. The world’s record height was achieved by Wai- 
mangu, in New Zealand, which erupted to a height of possibly 1000 
feet, but the very intensity of its eruptions appears to have ended the 
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life of this geyser in the short span of 3 years. The eruptions of some 
geysers last a few seconds, in others they range up to several hours; 
and the water discharged ranges from a small quantity to hundreds of 
thousands of gallons. Some geysers erupt at regular intervals, but most 
erupt at irregular intervals, ranging from minutes to hours, days, weeks, 
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Fig. 222. Siliceous sinter cone of Lone Star Geyser. Yellowstone National Park. 


or even longer: in some, years elapse between eruptions. Geysers are 
not common; in fact, almost all are in three regions: Yellowstone Na- 
tional Park, Iceland, and New Zealand. 

Some geysers erupt into pools, which are several feet or yards across 
and may be rather deep. Most of these pools are ornamented around 
their sides and in the adjacent overflow areas by deposits of opaline 
silica, called siliceoiis sintef or geysente. Prom the orifice of every 
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geyser a tube extends downward in depth as shown in the diagram (Fig. 
221) . The tube that feeds a geyser pool is filled, except after each erup- 
tion,* with water at or near the boiling point. Other geysers have no 
visible water in their tubes between eruptions and therefore have no 
pools around them. For all that can be seen at the surface they might 


be extinct. Some geysers have built cones of geyserite around their 
orifices, from a foot to several yards high, which form upward exten- 
sions of the tubes (Fig. 222) . 

The most celebrated geyser in Yellowstone National Park is Old 
Faithful, so named because it erupts with almost clock-like regularity. 
It averages about 66 minutes between eruptions, very rarely going off 
schedule. It plays to a height of 110 to 160 feet (Fig. 223). About 
10,000 to 12,000 gallons are blown out during each eruption. Year in. 


Old Faithful in eruption. Yellowstone National Park. 
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year out, regardless of season, winter or summer, it maintains this ac- 
tivity. A colossal amount of heat is thus brought to the surface by Old 
Faithful, not to mention that brought by the other 200 geysers in the 
Park. The only possible source of this heat is superheated steam given 
off by an intrusive mass of magma that is cooling and solidifying in 
depth. 

The water of Old Faithful carries silica that it has dissolved out of 
the rhyolite through which it erupts, and this silica is being slowly 
deposited around the oidfice as gelatinous silica, which hardens into 
siliceous sinter a few inches thick on the dome. 

Since the Park first became known to the white man in 1871, a few 
geysers have become extinct or dormant, and several new ones have 
come into being. These changes do not mean that themial activity in 
this region is likely to decrease in the immediate future, but merely 
that some changes in the underground system of pipes and fissures that 
supply the hot water are taking place. Altogether there are 200 geysers 
in the Park, and the hot springs, fumaroles, and other thermal vents 
exceed 3000. The amount of heat thus brought to the surface is enor- 
mous, being sufficient to melt about 3 tons of ice per second. 

Cause of Geyser Action. The intermittent spouting of a geyser de- 
pends on the delicate adjustment of several factors: the amount and 
rate of inflow of subsurface water, the supply of heat, and the “plumb- 
ing,” comprising the geyser tube and its underground connections of 
pipes and fissures, Because of so many variables, it is easy to under- 
stand why each geyser has its own idiosyncracies. As Allen and Day 
have pointed out from their long study of the geysers of Yellowstone 
National Park, the explanation of geysers is not so simple as generally 
considered. 

The explanation of geyser eruption depends ultimately on the rela- 
tion between pressure and the boiling point of water. The boiling point 
of water under the ordinary pressure of the atmosphere at sealevel is 
212°F.; increase of pressure raises it, a decrease lowers it. Conse- 
quently, the boiling point at the bottom of a column of -water is raised 
by the w’-eight of the water above it. As shown in Fig. 221, the boiling 
temperature gradually increases in the tube of the geyser from the 
surface downward. If the tube is regular in form and large in diameter, 
convection currents become active as the water becomes hotter, thus 
mixing the water. Consequently it becomes nearly of the same tem- 
perature in all parts of the tube, and a boiling spring results. But if 
the tube is narrow or tortuous, the mixing of the water by convection 
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is prevented, and the water reaches its boiling point in the deeper levels 
at the increased temperatures corresponding to the greater pressures. 
Suppose that at various points in Fig. 221 heat is being supplied by 
steam entering the pipes of the geyser. At first the steam condenses to 
water, thereby supplying a large amount of heat. Consequently the 
temperature of the water in the geyser system gradually increases until 
it is at the boiling point corresponding to the depth and pressure, when 
the steam can no longer condense but accumulates. Finally when 
enough steam has accumulated in this w^ay, its expansive power lifts 
the water in the geyser tube until some overflows at the orifice, or, as 
in Old Faithful, until jets of wmter 10 to 25 feet high are blown into the 
air, thus heralding the coming eruption. These preliminary actions re- 
duce the length of the column and thus lower the pressure on the water 
in depth; and this water, being now above the boiling point for the 
diminished pressure, flashes into steam, and a column of mingled steam 
and hot water is blown out of the tube into the air. 

To account for the great quantity of water ejected by some geysers, 
much larger than the capacity of their tubes, it is necessary to assume 
that the tubes are connected laterally wfith one or more chambers, in 
which water and steam can accumulate. 

That the geysers and other hot springs of the Park derive their heat 
from a deep-seated source is shown by their occurrence not only along 
the shores but also within Yellowstone Lake itself, an immense body of 
cold water beneath which the rocks must have cooled to a considerable 
depth. The deep-seated source is probably a large body of consolidat- 
ing magma, a batholith, from which superheated steam issues along 
fissures ; and, where this ascending steam meets the ground water, hot 
springs and their most spectacular manifestation, geysers, are formed. 

Economic Utilization OF Fumaeole Fields 

Fumarole fields have been developed in recent years so as to yield 
large supplies of steam for power generation. The fumarole field of 
Tuscany, north of Rome, was the first to be developed. In an area of 
140 square miles a large number of fumaroles are giving off superheated 
steam. From 1818 onward these fumaroles have been utilized to re- 
cover the boric acid that they are, bringing up in solution. In 1904 a 
dynamo was driven by using the fumarolic steam, and subsequently 
large-scale development of this resource has taken place. Four central 
power houses, capable of generating 25,000 horsepower, have been built, 
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and power is transmitted to Florence, 60 miles away, Pisa, and other 
cities. 

The fumarolic steam is 94 per cent pure steam and 6 per cent by 
weight of other gases, chiefly carbon dioxide, which is being recovered 
and used as a refrigerant. It is planned to recover also the small ad- 
mixed quantities of sulphur dioxide, methane, and helium. The steam 
is thus being fully utilized, both thermally and chemically. Wells have 
been put down to a maximum depth of 600 feet, and the flow as well as 
the temperature of the steam increases as depth is gained. Notable is 
the fact that the fumarole field is in sedimentary rocks, the nearest vol- 
cano being 15 miles distant. The source of the steam is thought to be 
at a depth of 15,000 to 25,000 feet, probably a large body of granite 
magma. 

At 'The Geysers” in the Coast Ranges of California, 75 miles north 
of San Francisco, is an area of 35 acres containing a few feeble 
fumaroles and some small but very hot springs. The name “The 
Geysers” is a misnomer, how’-ever, as none of the hot springs is erup- 
tive. Some, of the steam vents, by suitable control of their outflow, 
have been converted into artificial geysers, which can be made to play 
at the convenience of the visitor. In 1921 the idea was conceived of 
drilling wells in this area to develop a flow of steam for power purposes. 
Eight wells have been put down, the deepest being 650 feet, and copious 
supplies of superheated steam have been developed. In fact, it is esti- 
mated that four of the wells will on the average deliver more than 1300 
horsepower each. As in Tuscany, the deeper a well is drilled the greater 
the flow of steam and the higher its temperature. 

The power possibilities of the fumarole fields in Java also are being 
investigated. One of the fields was bored in 1926. The most promising 
w^ell, 220 feet deep, yields steam sufficient to generate 1200 horsepower. 
It is reported that power is generated at one-third the cost of hydro- 
electric pow'er. Many fumarole fields in Java, as well as others in the 
near-by islands of Sumatra and the Celebes, remain to be tested. Vol- 
canic energy is being utilized on a small scale at Kilauea, in Iceland, 
and in Japan. 

VOLC--^NOLOGY AND HuMAN AfFAIRS 

The human race is extraordinarily pertinacious in continuing to live 
around volcanoes and even high up on their slopes. Vesuvius, “the 
pride and terror of Naples,” is thickly surrounded by towns and vil- 
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lages and is covered with gardens, groves, and vineyards that extend 
far np toward its summit. Etna is cultivated up to an altitude of 4000 
feet, intensively below an elevation of 1500 feet — orange and lemon 
groves, vineyards, and oleanders, all in vivid contrast to the black lava 
flows. Monte Rosso, 700 feet high, the largest cinder cone on Etna, 
built in 1669 during the most disastrous eruption in the history of Etna, 
is now green with vineyards half way to its summit. 

Java, distinguished for its large number of highly active volcanoes, is 
nevertheless the most densely populated area of its size in the world. 
Here the social, or societal, aspect of volcanology has been most fully 
recognized. The Netherlands Government has instituted a Volcano- 
logic Service, which by prognosis and warning of pending outbreaks 
and by defensive measures reduces the dangers of volcanism. The 
volcano Kelut broke out in 1919 after a dormancy of eighteen years. 
During the interval a crater lake had formed, and this water now 
rushed down the valleys, killing 5500 people. Tunnels have since been 
driven into the crater to drain it, rendering repetition of the disaster 
impossible. Coming eruptions are often indicated by local, ''volcanic” 
earthquakes and especially by increasing temperatures of fumaroles. 
Instruments for recording earthquakes have therefore been installed at 
critical localities, and systematic measurements are made of the tem- 
peratures of the fumaroles. For Merapi, a notably active volcano, the 
records show that when the fumarole temperatures reach 600° C. there 
is danger of an eruption. 

The bombing of a lava flow on Mauna Loa by the Army Air Force 
has already been recounted. It is the hope of volcanologists in Hawaii 
and in Sicily that, if proper measures are taken, such as, for example, 
construction of embankments, lava flows that threaten productive land 
can be diverted into unproductive territory. 

A brilliant example of diagnosis and prediction was given by the vol- 
canologist Ferret during the eruption of Mont Pelee in 1929-1932. 
After the eruption had continued five months, during which hundreds 
of pelean clouds had been projected, he was able to make the reassuring 
announcement that, although the eruptive activity was likely to con- 
tinue a long time before it would cease, nevertheless it would thereafter 
be tranquil. Based as it was. upon an intimate knowledge of the vol- 
cano, this bold prediction was fulfilled. The optimistic opinion is ven- 
tured by Ferret that if adequate studies are made an authoritative 
forecast can be given for the course of any other eruption, at any place. 
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E. T. Allen. 190 pages. Carnegie Institution of Washington, 1925. 

Well-illustrated account of a highly interesting volcanic area. 

10. The Eruption of Mt. Pelee, 1929-1932; by F. A. Perret. 126 pages. Car- 
negie Institution of Washington, 1935. 

An impressive monograph, strikingly illustrated, 

11. Hot Springs of the Yellowstone National Park; by E. T. Allen and A. L. 
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13. Geology of Crater Lake National Park; by Howel Williams. 162 pages. 
Carnegie Institution 'of Washington, 1942. 

Full, autlioritative account of the origin of Crater Lake. 

14. Crater Lake: The Story of its Origin; by Howel Williams. 97 pages. Uni- 
versity of California Press, Berkeley, Calif., 1941. 

Explains in nontechnical language how Crater Lake was formed. 

15. Calderas and Their Origin; by Howel Williams. 208 pages. University of 
California Publications, Department of Geologj’’, Vol, 25, No. 6, 1941. 



Chapter 15 


DEFORMATION OF THE EARTH’S CRUST 

Although the strength of rocks and the stability of “terra firma” have 
become proverbial in popular fancy, the Earth’s crust is weak in a 
geologic sense, and at one time or another probably every part of it 
has been deformed or displaced. Within historic times, and repeatedly 
in the present century, there have been abrupt, catastrophic shifts along 
fractures that penetrate bedrock to great depth. From historic records 
it is known also that gradual movements have occurred, with results 
that are perceptible only after years or even centuries have passed. 
Back of human history w^e find in the geologic record of all continents 
evidence of ancient movements on a gigantic scale, which repeatedly 
changed the geography of the globe. The bedrock has been fractured, 
bent, and mashed, and in some mountain zones the rocks have been so 
changed by successive deformations that their original nature can only 
be conjectured. 

All movements of the crust, resulting in relative vertical or hori- 
zontal changes of position and in deformation of rocks, are compre- 
hended under the general term diastrophism (from the Greek, meaning 
thorough turning) . 

Movements in Historic and Late Geologic Time 

Earthquakes. Abrupt movements in the outer shell of the Earth 
generate strong vibrations, which are felt as earthquakes. Scarcely 
a day passes without records of shocks from some part of the world, 
reminding us that the Earth’s crust is unstable. Earthquakes are of 
such significance to science and are so important in human history that 
special attention is devoted to them in a later chapter (Ghap. 16). 

Changes of Level. The most conspicuous known movements of the 
land are in the vertical direction; and to determine the extent and rate 
of change it is necessary to have a convenient horizontal surface of ref- 
erence. The average level of the sea is the most logical surface for this 
purpose, as the shoreline at mean tide level is essentially horizontal 
throughout its whole extent. However, it is not true that the sea sur- 
351 . 
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face is undistorted and permanently fixed. Adjacent to high conti- 
nental borders the water is attracted laterally and upward by the land 
mass, and the water surface is slightly farther from the center of the 
Earth in such localities than it is along low, flat coasts or adjacent to 
oceanic islands. Moreover, the sealevel has varied within recent geo- 
logic times, first through withdrawal of much water, from the sea dur- 
ing the accumulation of continental ice sheets, and later through resto- 
ration of this water by wastage of the ice (p. 195) . If the water now 
locked up in the Antarctic and Greenland ice sheets should be liberated 
by the sudden advent of warmer polar climates, many of the world’s 
greatest cities and rich lowlands would be covered by the sea. Eurther- 
more there are reasons for believing that the sea has increased in size 
and depth through geologic time by the constant addition of magmatic 
water; and it is probable that the deep-sea basins have changed ap- 
preciably in size many times through upward as well as downward 
bowing of their floors and by slow filling in of sediment, with conse- 
quent changes of sealevel. But such changes are gradual, and their 
effects in shifting shorelines are essentially uniform all over the Earth ; 
whereas many movements of the land are relatively rapid, and all such 
movements vary in amount from one place to another. 

Blevation. The most striking proofs of uplift of the land consist of 
the locally elevated position of features that we definitely associate with 
the sea or its edge. Thus in many parts of the world outcrops of rocks 
with attached shells or skeletons of dead marine organisms, such as 
barnacles and corals, are found high above sealevel. A classic example 
of local changes in land level is furnished by the temple of Serapis built 
by the Romans near the seashore west of Naples. The three columns 
left standing have been bored by marine mollusks to a height of about 
20 feet above the temple floor, and the shells of the animals remain in 
some of the holes. Moreover, along the shore in the vicinity of the 
temple there are sedimentary deposits containing abundant shells of 
species now living in the bay ; these deposits are exposed in bluffs rang- 
ing up to 20 feet in height. It is clear, therefore, that after the temple 
was built the ground beneath and around it was submerged, and later 
emerged by at least 20 feet. If this submergence and later emergence 
had resulted from a general rise followed by lowering of sealevel, the 
marine sediments near the temple should be in evidence along the entire 
coastline of Italy and of all other lands. Since the evidence actually 
is restricted to a small area, we conclude that there was a local sub- 
sidence of the ground in the vicinity of the temple, and later uplift of 
about equal amount. 




Fig. 224. Emerged marine terraces, formed on coral-reef limestone. Cultivated i 

fields occupy the highest of time distinct terraces. Aguijan Island, Marianas I 

Group, Southwest Pacific. (Scale can be judged by trees and the graded road?) ; 


Strong testimony is given also by the abnormal position of conspicu- 
ous features made by wave work along a coast. In parts of California, 
Chile, Scotland, and numerous other coastal regions, emerged beaches, 
wave-cut benches, and wave-built terraces make nearly level platforms, 
some of them hundreds of feet above present sealevel, terminated inland 
by wave-cut cliffs (Fig. 224) . Since these features do not have world- 
wide distribution, with uniform heights above sealevel, they indicate 
uplifts that affected limited segments of the Earth’s crust. 

Other evidence, of a direct and positive character, is supplied by 
careful observations made year by year. Thus in the countries bor- 
dering the Baltic Sea an uplift still in progress has been under observa- 
tion for a long period and has been measured by marks placed on the 
shores. In some places the elevation has been more than 3 feet in a 
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century, but the rate varies systematically from one part of the region 
to another. Furthermore, raised beaches and other shoreline features 
indicate that this region has been rising gradually for a long period, so 
that parts of Sweden and Finland are at least 900 feet higher than 
they were at the close of the glacial ages (Fig, 225) , Elevated shore- 



Fig. 225. Showing the domal form of uplift in Scandinavia and Finland after the 
disappearance of the last ice sheet. Shading indicates present land areas. The number 
on each of the heavy lines signifies the amount of uplift, in meters, experienced by every 
point on that line, as recorded by emerged shorelines and related features. Note that 
from zero elevation along the outer line the amount increases steadily inward to a maxi- 
mum of 275 meters (about 900 feet) in northeastern Sweden. No lines are drawn in the 
central part of Scandinavia, because no emerged shorelines have been found in that moun- 
tainous ai’ea, which probably was not submerged. 

lines are a noticeable feature in many northern regions. There is 
similar proof on a large scale that within recent geologic time the west 
coast of South America has experienced very considerable elevation; 
and probably the uplift is still in progress. Numerous destructive 
earthquakes wdthin historic time testify to the instability of this coastal 
belt. A major disaster occurred January 25, 1939, when Chilian, a 
populous city in Chile, was almost totally destroyed. 

Subsidence. Evidence of subsidence of the land below sealevel is 
less striking than that of elevation, but not less convincing. However, 
encroachment of the sea upon the land is not in itself a proof of sub- 
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sidence, as it may result merely from cutting back of the land by 
waves and currents, or from a general rise of sealevel. Submergence 
of features that are definitely characteristic of land surfaces constitutes 
the best proof, if it is clear that the submergence is not worldwide but 
is limited in extent. 

Evidence of submergence is furnished by some irregular shorelines 
formed by the drowning of valleys, with formation of bays and estu- 
aries (p. 234). An excellent example is the coast of Maine, where the 
sea extends long distances up all the large stream valleys, and numer- 
ous hills on the former land surface have been isolated to form islands 
off the present coast. However, in many parts of the coastal belt of 
Maine patches of marine silt and clay, containing shells of species still 
living, are found more than 100 feet above present sealevel. There- 
fore there has been emergence also of that region, though not enough 
to overcome the effects of earlier submergence. Since the evidence of 
emergence disappears farther south, it reflects regional uplift and not 
a lowering of sealevel. This recent uplift of Maine and southeastern 
Canada was part of the widespread elevation that occurred after the 
weight of the continental ice sheet was removed from northern North 
America (p. 17). 

In many parts of the world thick deposits of sediment are being laid 
down by streams in subsiding basins adjacent to coasts. Borings into 
some deltas pass through alternating marine and freshwater deposits, 
or even through sediments entirely nonmarine, to a great depth below 
present sealevel. Eor example, wells sunk into the delta of the Po 
near Venice pass through four separate layers that contain abundant 
remains of plants similar to those now growing in the marshlands along 
the Adriatic. One of the layers is about 300 feet below sealevel. At 
shallower depths some of the sands, gravels, and clays contain shells of 
marine mollusks, and other layers yield shells of land snails. In the 
delta of the Ganges, near Calcutta, pieces of wood and bones of land 
animals are found hundreds of feet below sealevel. Deep wells in the 
Great Valley of California furnish similar evidence, Facts of this 
kind suggest that subsidence has been going on for a long period, not 
at a uniform rate, but as an interrupted process whose variations per- 
mitted alternating freshwater and marine deposits to be formed. 

Evidences of Elevation or Depression Jnland. Movements of the 
crust involving changes of level are not confined to the sea coasts; they 
occur also in the interiors of the continents. For example, in 1811 
large areas of the Mississippi floodplain near New Madrid, Missouri, 
sank far below their former level and now are occupied by lakes 
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(p. 142) . Trees that grew on the plain were killed by the flooding, and 
for a long time their dead trunks or tops, projecting above the water, 
testified to the recency of the catastrophe. 

An excellent illustration of tilting on a large scale is afforded by the 
Great Lakes. To the northeast the land has risen since the disap- 
pearance of the great ice sheet (p. 195), and as a result the lake basins 
have been tilted southwestward. Emerged shorelines are several hun- 
dred feet above the present lake surface on the north and northeast, and 
slope toward it as they are followed west and south. Since the lakes 
discharge to the east, the raising of their outlets has caused them to 



Fig. 226. Tilting of a lake basin from north (iV) to south (S). AD, present lake level; 
BC, raised shoreline, disappearing under water at C; CD, evidence of submergence 
(drowned valleys) ; E, profile of former shore, now under water. 

enlarge, expanding them to the west and south. The mouths of valleys 
on the south and west sides of some of the lakes (especially Erie and 
Superior) have been submerged (Fig. 226). The tilting movement is 
still in progress and has been accurately determined; it is at the rate 
of 5 inches per hundred miles per century. Small as this rate seems, 
in 1600 years it would cause the upper Great Lakes to discharge by 
way of the Chicago River into the Mississippi drainage. 

Horizontal Changes of Position. In addition to the vertical move- 
ments discussed above, important recent horizontal shifts have been 
detected. In 1906 the ground on opposite sides of a great fracture in 
California moved in opposite directions; the shift was indicated by 
abrupt offsetting of roads, fences, and similar features that crossed 
the fracture (Fig. 265, p. 396) . Knowing that movements of this kind 
occur repeatedly in the Coast Ranges, the U. S. Coast and Geodetic 
Survey has established stations at critical points whose relative posi- 
tions have been determined, by precise measurements. At intervals of 
several years the measurements are repeated, and thus the directions 
and amounts of horizontal movements may eventually be determined. 

Significance of Recent Vertical and Horizontal Movements. It is 
obvious that changes of position on the Earth’s surface must be ac- 
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companied by bending or fracturing of the rocks of the crust. In fact, 
surface movements merely record deep-seated processes that lead to 
slight changes in the form of the globe. Commonly the movement is 
a broad flexing that affects wide areas ; locally there is sharper bending, 
or the rocks yield by actually breaking. Probably some of the strik- 
ing recent elevations, such as those observed in various lands bordering 
the Pacific Ocean, represent small steps in the uplifting of mountain 
ranges whose growth will continue for long ages. 

In considering effects of this kind we are impelled to inquire at once 
into their ultimate cause; but discussion of this question will be post- 
poned until more of the essential facts have been presented. It does 
not seem strange, however, that a globe so large as the Earth, which 
spins rapidly on its axis and whirls through space, which experiences 
chemical and physical changes in its outer and probably also in its 
deeper parts, should be subject to slow and almost continuous defor- 
mation. Volcanoes testify to local unstable conditions, which result 
in the melting and moving of rock material. Erosion and sedimenta- 
tion through long periods result in the transfer of great loads at the 
surface, which undoubtedly sets up enormous stresses in the crust. 
These well-known processes would in themselves cause some slow de- 
formation of the crust ; and probably more profound changes in progress 
in the deep unknown parts of the Earth are responsible for still greater 
deforming forces. 

Ancient Ckustal Movements 

It is neither desirable nor possible to distinguish sharply between 
recent and older deformation. Certain features at the surface, such as 
the marine terraces along the coast of Maine (p. 355), bear unmistak- 
able witness to very recent crustal disturbances, even if there is no 
direct record of the events in human history. On the other hand, we 
see in the rocks many fractures and folds that date from very early 
periods in Earth history, as is shown clearly by their geologic rela- 
tionships. Between these two extremes are found indications of dis- 
turbance in every geologic epoch, showing that movements of the same 
or similar kinds have been continuous or recurrent throughout recorded 
geologic time. In general, the latest movements are recorded in forms 
and features on the Earth’s surface, such as the elevated beaches, sub- 
merged valleys, and tilted lake basins described above. All surface 
forms are ephemeral because of erosion; and, as they become frag- 
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mentary or disappear, the most reliable guide to former crustal move- 
ments is found in the structure of the underlying rocks. 

EVIDENCE IN SURFACE FORMS 

Certain topographic features that result from gentle warping of the 
crust develop slowly and persist for a very long time. For example, 
when a peneplane is arched up widely the rejuvenated streams become 
deeply incised, and their former meander patterns are thus preserved 
in the deepened valleys (Fig. 322, p. 491). As* the deepest incision 
occurs in the area of greatest uplift, the middle portion and the edges 
of such a great arch can be recognized by study of the incised valleys. 
Furthermore, remnants of the uplifted peneplane persist for a long 
time between the valleys. By study of the valleys and the remnants 
of old erosion surfaces it is determined that the Appalachian region is 
an irregularly arched peneplane undergoing dissection. Evidence of 
this kind, used for recognizing warping movements that occurred in 
the geologic past, is similar to that by which recent uplift is deter- 
mined. 

Further explanation of surface features as indicators of crustal move- 
ment is given in the discussion of land forms (Chap. 20) . 

EVIDENCE IN SEDIMENTARY ROCKS 

Thick masses of unconsolidated sediments, like those in the Great 
Valley of California, have been mentioned as evidence of crustal move- 
ment (p, 356). Similar evidence for earlier geologic periods is fur- 
nished by old sedimentary formations, especially by the thick sections 
exposed in dissected mountains or plateaus. In the Appalachian re- 
gion the sedimentary strata, now greatly disturbed and eroded, are 
made in large part of sediments that were deposited on shallow sea 
floors near land. Although the total thickness of the strata is several 
miles, the evidence is conclusive that the sea in which they were de- 
posited was never deep and that at times it actually disappeared, only 
to return again. Obviously there was continuous or recurrent subsi- 
dence of the area while the sediments were accumulating (Fig. 297, 
p. 463). 

In some sections of sedimentary rocks a pronounced change in the 
character of sediments indicates either uplift or subsidence. Thus in 
the high plateaus of Utah & thick formation made of sand deposited 
by streams and by the wind shows that the region was above sealevel 
for a long period.- Above the sandstone a formation of shale and lime- 
stone containing marine fossils records a period of widespread sub- 
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mergence. In the Catskill region of eastern New York a series of 
marine limestones and shales is succeeded by an enormous thickness 
of coarser-grained sediments, deposited chiefly above sealevel. Evi- 
dently the land adj acent to the old seaway was elevated, with the result 
that quantities of coarse debris were rushed into the basin where fine 
mud and limy sediment had been slowly accumulating. 

“Breaks” in sedimentation, caused by uplift, erosion, and resub- 
mergence, are of great importance in reading the history of a region. 
This aspect of sedimentary rocks is discussed later in the chapter, 
under the heading unconformity. 

EVIDENCE IN STRUCTUEB OF ROCKS 

The most lasting effect of crustal movement is the disturbance of 
rocks beneath the surface. Sedimentary rocks are particularly useful 
in preserving the records of diastrophism because they are formed in 
nearly horizontal strata, and therefore even a slight bending or break- 
ing is easily detected, Igneous rocks are in general less favorable for 
this purpose, since they are characteristically massive and irregular in 
their original form. Lava flows and ash beds are an exception, as they 
have some degree of layering, although this original structure is usually 
less regular than in sedimentary beds. Thin sills of igneous rock intru- 
sive into sedimentary rocks bend or break with the strata and so help 
record the amount of deformation. On the other hand, the great size 
and the nearly uniform structure of granite batholiths make them poor 
recorders of Earth movements. 

The principal types of structural features acquired by the bedrock 
' from crustal movements are (1.) broad warps, (2) folds, (3) fractures, 

■ (4) foliation. Since foliation results from fundamental change or 
metamorphism of rocks, it is explained in connection with that subject 
(Chap. 17). Careful attention to the results of deformation has great 
practical importance, since such a study is essential in locating and 
tracing valuable coal beds, mineral veins, and strata containing oil and 
gas. The structural features of the Earth have also a broader interest 
because they furnish clues to important historical events. 

Broad Warps 

A wide wooden board exposed to the weather becomes gently flexed 
or warped from its original flat form. On a much larger scale, rock 
strata are permanently warped by irregular uplift or depression of a 
region. In the Colorado Plateau of Utah and Arizona a thick blanket 
of old marine strata lies thousands of feet above sealevel and is dis- 
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sected by deep canyons. In a general way these strata are nearly 
horizontal ; but if any one layer is followed in detail it is found to bow 
upward into irregular domes and bend downward into shallow basins. 
It is clear that this wide area of sedimentary beds, many hundreds of 
miles across, was not lifted up with absolute uniformity, but was dis- 
torted somewhat. The original surface of the uplifted mass has been 
entirely destroyed by erosion ; but a record of the distortion is pre- 
served in the form of each layer of stratified rock beneath the former 
surface. 

Warping is the commonest form of rock deformation near the Earth’s 
surface. All the old marine strata that now lie on the continents are 
in some degree warped, where they have escaped more violent dis- 
turbance, because uplift of the former sea floors was greater in some 

places than in others. 

^ Folds 

Anticline and Syncline. In many places the stratified rocks have 
been buckled into more or less regular plications or folds. Some of 
these are on a small scale and can be seen directly ; but commonly 
the folding is on such a great scale, and exposures of the rocks are so 
discontinuous, that it is necessary to study and piece together the struc- 
ture of certain distinguishable layers over many miles before the form 
of the folds becomes clear. The nature and scale of the folds in moun- 
tain regions can be appreciated best by study of maps and cross- 
sections that have been prepared by geologists in the field. 

Two terms are used constantly in descriptions and discussions of 
folds. Like regular swells on the sea, rock folds ordinarily occur in a 
series, with alternating crests and troughs.^ The crests of the folds — 
that is, the upfolds — are anticlines; the troughs, or downfolds, are 
synclines (Fig. 227). Initially the anticlines form ridges, the synclines 
form valleys; but if the original surface crests are subsequently car- 
ried away by erosion, and the whole reduced to a nearly level surface, 
we still call the upfolded portions below the surface anticlines, the 
downfolded portions synclines, and in imagination reconstruct the miss- 
, ing parts. Thus it should be clear that anticlines and synclines are 
■ features not of surface form, but of structure. Commonly the original 
configuration of the surface is actually reversed by erosion, so that 
valleys now occupy the positions of the former crests, and ridges or 

1 Folding is distinguished from warping by this common pairing of crests -and 
troughs, by greater regularity of plan, and generally by more pronounced bending 
of the strata involved. 
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mountains are in the places of the troughs ; but the original structural 
terms still apply (Fig. 228). 

It is cause for some wonder that strong, brittle rocks can be bent into 
sharp folds. If we should try to bend a rock slab by compressing the 



Fig. 227. Anticline.s (A) and synclines (S). The diagram assumes that the folding 
occurred so recently that running water ha.s had time to cut only a few small valleys in 
the anticlines: hence the anticlines form ridges and the synclines valleys. Even if erosion 
proceeds until a peneplane is produced, as represented by the broken line through P, the 
anticlines and synclines will still exist as structural features beneath the sui’face. 

opposite edges in a powerful vise, the slab would be broken in two or 
crushed to bits. Probably two conditions are essential for making the 
rock folds found in nature. The tremendous forces that cause defor- 
mation act through very long periods of time, and the rocks yield 
slowly instead of fracturing abruptly; furthermore, the folded strata 



Fig. 228. Illustrating an advanced stage in erosion of folded strata. Anticlines (AA) 
have been cut down until valleys occupy their crests; a resistant stratum (black) protects 
the synclines {SS), so that ridges exist along these structural troughs. The original 
position of the resistant stratum across the valleys is indicated by the broken line. 

that we now see at the surface lay at some depth in the crust when 
they were deformed, and the confining pressure of the rock above and 
around them prevented the layers from breaking as the folding took 
place. Under sufl&ciently strong confining pressure the most brittle 
rocks can be forced to bend as if they were soft and plastic. 
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Besides the bending of individual layers an important necessary 
adjustment in the folding of thick sections of strata is brought about 
by slipping of each layer over those adjacent. True folding is re- 
stricted to stratified rocks because in massive bodies, such as granite 
batholiths, there are no parallel planes on which adjustment by slip- 
ping can occur. 

Method of Studying and Mapping Inclined Strata. Only the ideal 
relation of simple, upright, regular folds has been considered above. 
A series of folds approximating this form is by no means uncommon 
in nature, but usually the folding is much more complicated. The 
varied kinds of deformation which the rocks have undergone in any 
region determine the geologic stmctiire of that region; and it is impor- 
tant, economically as well as scientifically, that the geologic structure 
of every country should be known as far as possible and represented 
accurately on maps. If the surface of the Earth were everywdrere 
naked bedrock, this would be a comparatively easy matter ; but, since 
the rocks have been greatly eroded and are largely covered with mantle 
and vegetation, or -with w'ater, snow, and glacier ice, the natural diffi- 
culties of the task are large. The structure in a region is determined 
by a careful study and comparison of the outcrops. If the ground were 
perfectly level and the strata horizontal, the outcrop would be the fiat 
surface of the uppermost rock stratum, and we should learn little from 
it; but on slopes and cliffs bordering stream valleys we may inspect 
the outcropping edges of many horizontal strata, as in the Grand 
Canyon (Fig. 11; and Fig. 290, p, 454). 

On the other hand, if the strata have been inclined by folding and 
later eroded, their edges are exposed even on a nearly fiat land surface. 
Commonly the edges of the harder, more resistant beds project to form 
the more prominent outcrops. In mountain districts, particularly in 
arid regions, soil and other concealing debris usually decrease in 
amount with increasing height; and exposures of rock grow in promi- 
nence correspondingly, until each of the upper rocky ridges and peaks 
is a vast outcrop (Fig, 116, p. 172). Because of the excellent exposures 
and the great depth of the section visible in canyon walls and on cliffed 
slopes, mountains furnish the most favorable opportunities for deter- 
mining geologic structure. 

Strike and Dip. The inclination of a rock layer is called the dip. 
If the stratum is resistant^ its projecting edge trends across fiat country 
as a definite ridge (Fig. 229) . The direction of this ridge is called the 
strike of the stratum. In precise terms, the strike is the direction of 
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the line formed by intersection of the plane of bedding with the hori- 
zontal plane. In Fig. 229 the strike of all the strata and of the dike D 
is north. The dike and the two strata .A and B are resistant and so 
form prominent ridges whose directions are easily determined. 



PxG. 229. The strike of two resistant strata, A and B, and of a dike, D, is indicated 
clearly by the trend of the ridge formed by each. The strike in each case is exactly north. 
A and B dip west (the dip angles are a and 6); the dike dips east (angle of dip d). 

The inclination or dip of a rock layer is the angle between the plane 
of bedding and the horizontal plane. In Fig. 229 the surface of the 
ground is supposed to be horizontal except for the three projecting 
ridges. Then the angle a (50°) gives the amount of dip of layer A, 
b (50°) of the layer B, and d (80°) of the dike D. But it is essential 



Fig. 230. Measurement of dip angle with a clinometer. The pendulum of the instru- 
ment swings freely on an axis, and therefore is always vertical when the box is on edge. 
When the edge of the box rests on a bedding plane in the direction of dip, the dip angle 
(in this case about 1G°) is read directly on the graduated arc. 

to give the direction as well as the amount of dip. A and B dip 50° 
west, D dips 80° east. The direction of the dip is at right angles to the 
strike. 

The elements of strike and dip are better understood if they are 
compared with the gabled roof of a house. In such a roof the ridge- 



Fig. 231 . Brunt on compass with the lid open and sights extended. Mirror inside lid, 
with its dividing line in prolongation of the .tights, is useful in reading directions. 

The compass circle is divided into quadrants, each graduated 0° to 90°. Semi- 
circular arc on bottom of compass box is used in measuring angles of dip; when 
edge of instrument is on bedding plane in direction of dip, and level bubble is cen- 
tered, reading on arc is the angle of dip. In the figure the reading is %ero, since 
edge of instrument is horit^ontal. (■§• actual size ^ 

pole, at the intersection of the two slopes, is horizontal. Let us call 
this line of the ridgepole the line of strike. If the opposite gables face 
exactly north and south, the direction of the strike is north. Thus the 
two halves of the roof have the same direction of strike. If each half 
slopes 45°, the amount of dip is the same for the two halves. But one 
half dips east, the other west. 

The amount of dip is determined with a clinometer, which in a simple 
model is essentially a pendulum swinging over a graduated arc (Fig. 
230) . For geologic purposes the compass and clinometer are combined 
in one instrument, to permit ready determination of the strike and the 
amount of dip (Fig. 231). 

The full procedure in determining strike and dip is illustrated in 
Fig. 232. At one edge of the inclined stratum FGH the compass shows 
the angle NOH between the edge of the stratum and the north-south 
line. If this angle is 45°, the strike is recorded as north 45° east 
(abbreviated N 45° E). The direction of dip is at right angles to the 
strike, or south 45° east (S 45° E), shown in the diagram by the angle 
SOd. With the clinometer the angle of dip, a, is found to be 60°, and 
the dip is recorded as 60° S 45° E. The meaning of this shorthand 
record is clear if it is kept in mind that the first angle — 60° — is the 
amount of dip, measured downward from the horizontal, whereas the 
second angle — 45° — gives the direction in which the stratum dips, in 
relation to the north-south line. 
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Dip and strike are represented on geologic maps by a conventional 
sign |->, in which the direction of the bar, as placed on the map, indi- 
cates the direction of strike, and the arrow points in the direction of 
■ dip. Ordinarily the amount of dip in degrees is written in: for example, 
|-> 30°. On many maps, the dip symbol is a plain line without the 
arrow point. 





Fig. 232. Determination of strike and dip. The compass (0) is placed on the edge of a 
bedding plane of the stratum FQH. The arrows N, E, E, W indicate compass directions; 
d is the direction of dip, and the angle a is the amount of dip. 

Elements of Folds. The sides of a fold are called the limbs (Fig. 
233), and the median line between the limbs, along the apex of an 
anticline or the trough of a syncline, is the axis (Figs. 233, 234) . This 
line extends along a bedding surface, or along this surface restored if 



Fig. 233. Simple upright folds. The line Ali is the axis of the anticline; CD is the 
axis of the syncline. The imaginary planes indicated by broken lines are the axial planets 
of the two folds. 

it has been partly eroded. When folds that have horizontal axes are 
eroded deeply, the ridges made by the edges of resistant strata are 
nearly parallel as shown in Fig. 228 ; but if the axes are not horizontal, 
on a nearly fiat erosion surface the outcropping edges of strata in the 
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limbs of any anticline or syncline converge and finally meet (Figs. 234, 
235) . The result is a hairpin turn in the outcrop in either kind of fold; 
but there are two general ways of distinguishing one from the other. 
In the ordinary syncline, dips are consistently inward toward the axis, 
and the younger strata lie inside the hairpin; in an ordinary anticline, 
dips are outward from the axis, and the older strata lie inside the 
hairpin (Fig. 234). 



Fig. 234. An anticline tilted along its axis and eroded to a nearly level surface, except 
for a ridge marking the edge of a resistant sandstone layer. The surface of this layer as 
it appeared before erosion is shown by shading. The angle between the axis of the fold 
and the horizontal is the plunge. 


Folds whose axes are not horizontal are known as plunging folds. 
The angle between the axis and the horizontal plane is called the plunge 
of a fold (Fig. 234). 

Other Variations in Fold Structure. Thus far we have considered 
only regular, upright folds. An imaginary plane passed through the 
center of a fold and its axis, as in Fig. 233, is called the axial plane of 
the fold. In a regular or symmetric fold, this plane is one of sym- 
metry; that is, the parts to left and right of it are symmetrically dis- 
posed, or each point on the left of the plane is the mirror image of a 
corresponding point on the right of it. If the fold is upright the plane 
is vertical (Fig. 234) . However, some folds are not upright but have 
been pushed over until the axial planes are inclined (Fig. 7, p. 20; 
6 and 7 in Fig. 236). In some folds the overturning has gone so far 
that the axial plane is nearly or. actually horizontal ; the fold is then 
termed recumbent Great recumbent folds are among the complex 
features that characterize the Swiss Alps (p. 468). Such folds are 
found only in mountain belts that have experienced extreme deforma- 
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Fig. 235- Air views of large plunging anticlines. 

(a) Sheep Mountain anticline in the Big Horn Basin, Wyoming. The older strata 
are resistant and form a high ridge at the core of the fold; higher strata have been eroded 
from the top of the anticline, and the more resistant of them form the low ridges on the 
flanks. (Compare P'ig. 234.) 

(b) North Dome, Kettleman Hills, California, looking northwest. Resistant strata 
make ridges, which outline the flanks and thp plunging end of the great fold. 
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Some overturned folds break at the apex or on one limb; and on 
breaking, the parts are likely to be displaced with respect to one an- 
other, or faulted. Faulting, however, is so important a phenomenon 
that it is given special consideration in later pages. 

If folds are so sharply flexed that the limbs dip at least 45°, they 
are said to be closed; in this condition the horizontal distance across 
the strata, or the width of the fold, can not be further reduced without 
squeezing or mashing of the beds (5 to 7 in Fig. 236). If the limbs 
make a large angle with each other (as in 1 and 2, Fig. 236) the fold 
is ojten, and the strata can be further folded without mashing. 



1 2 3 4 5 6 7 


Fig. 236. Folded strata, con.siderably eroded. The anticlines 1 and f are open folds, 
farther to the right the folds are closed. At the right of the block the folds are isoclinal. 
The layer BBB, which can be traced through the entire series of folds, serves as a useful 
key; broken lines indicate parts of this layer removed by erosion. Length of block about 
26 miles. 

In isoclinal (equal-inclination) folds the strata are compressed until, 
on both sides of a fold, and perhaps throughout a series, they are par- 
allel and have the same dip (Fig. 236, 5 to 7) , When the crests of such 
folds are cut away by erosion, considerable skill is required for cor- 
rect interpretation of the structure, since there is no difference in gen- 
eral appearance between anticlines and synclines. The general prin- 
ciple followed is to determine the positions of axial planes by study 
of the strata. The oldest exposed strata are repeated at the middle 
of an eroded anticline, and the youngest strata at the middle of a 
syncline. For example, in Fig. 236 the layer B, seen at the left, can 
be traced entirely through the series of folds. In the anticline 6, layers 
below and hence older than B are repeated on opposite sides of the 
axial plane; in the synclines adjacent to 6, layers above and hence 
younger than B are similarly repeated. 

A special kind of fold is the monocline, in which the strata are bent 
in one direction only (Fig. 237) . A true monocline is a one-limb flex- 
ure, on either side of which the strata are horizontal or have uniform 
gentle dips. Monoclines are particularly well developed, as isolated 
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features, in the nearly flat strata of the Colorado Plateau in northern 
Arizona and southern Utah. 

Economic Aspect of Folds. Correct solution of problems encoun- 
tered in folded strata is of the utmost importance to mining geologists 
and others concerned with the recovery of mineral products. In many 
oil fields the occurrence of petroleum and natural gas has a definite 
relation to flexures in sedimentary beds, as explained in a later chapter 
(p. 517). In Fig. 236, the folded black layer BB may be taken to 
represent an important coal bed in the Appalachian region. From 



Fig. 237. A monocline. It is assumed that the fold developed rapidly and recently; 
therefore it is little eroded. Length of block about 2 miles. 

hasty surface examination, it may appear that there are six or more 
separate coal beds, each extending downward indefinitely. A skilled 
geologist, however, will recognize the evidence of folding and will be 
able to estimate the quantity of available coal. In the famous Home- 
stake gold mine of the Black Hills, South Dakota, the formation con- 
taining the ore is complexly folded, and precise determination of the 
structure is necessary for profitable mining as well as for any depend- 
able estimate of the quantity of ore still in the ground. Innumerable 
other examples illustrating the practical importance of folds could be 
cited from every country in which mining and w’'cll drilling are prac- 
ticed. 

Geosynclines and Geanticlines. Long belts wutliin a continent or 
on the sea floor have been warped down to form geosynclines, which 
range in width from scores to. hundreds of miles. Correspondingly 
great iipwarps are called peanifeiines. The prefix in each case (from 
the Greek word geos, meaning Earth) emphasizes the scale of these 
features. In contrast with ordinary folds, the flexures responsible for 
geosynclines and geanticlines are very gentle. 
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The geosynclines of the past have been the great basins for the 
accumulation of sediments like those exposed in the Appalachians 
(Figs. 297-300, p. 463) and the Alps. Slow downwarping of the floor of 
a geosynclinal basin continues as sediments accumulate, until in the 
middle portion the thickness of deposits reaches several miles. It is 
only by the later uplift and dissection of these deposits that the origi- 
nal nature of the geosyncline is revealed. Thus a geosyncline has 
peculiar features other than its great size to distinguish it from an 
ordinary syncline in a belt of folding. A geosyncline is not formed by 
simple downbending of sedimentary strata already formed; an essen- 
tial element is continued deposition of sediments on the sinking floor 
of the basin. Thus the first layers of sediment to be deposited become 
gently flexed downward as the movement continues; but strata formed 
during the later stages may be nearly horizontal (Fig. 297) . 

Geanticlines also grow slowly, and their crests are eroded away as 
the upwarping continues. A good example, on a moderate scale, is the 
Cincinnati Arch in Ohio and Kentucky, where the strata dip gently 
away from a median axis in an area 250 miles wide. 

Joints and Faults 

In the outer shell of the Earth the rocks are traversed in all direc- 
tions by fractures, which vary from microscopic crevices to important 
breaks on which large displacement has occurred. Such fractures have 
great geologic value, because they are clues to important events in the 
history of a region, and particularly because of the aid they give to 
various geologic processes. We have considered the large influence of 
fractures on the weathering and erosion of rocks (Chaps. 3, 5) and on 
the circulation of ground water (Chap. 7) ; and we shall consider their 
importance also in connection with mineral deposits (Chap. 21). 

A fracture on which there has been no appreciable displacement 
parallel with the walls is a joint. If there has been relative displace- 
ment of the walls parallel with the fracture, so that corresponding- 
points on the two sides are distinctly offset, the fracture is a fault. 
Many joints and faults are closed so tightly that little or no space is 
visilfle between the walls. If the walls are distinctly sex)arated the 
term fissure is sometimes applied to the fracture. Some fissures are 
open, and others have been filled with mineral matter deposited by 
circulating solutions. 

Joints in Sedimentary Rocks. Field examination shows that joints 
are common, but that they are much more numerous in some places 
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than in others. Where they are abundant, commonly they are arranged 
in more or less definite sets; in each set the Joints are nearly parallel 
In many places there are two prominent sets of joints, intersecting at 
a large angle. Such a combination of two or more intersecting sets 
constitutes a joint syste-m. Combined with natural bedding planes, a 
well-defined system of joints divides stratified rocks into series of 
closely fitting blocks. The finer the grain of the rock, as a rule, the 
more perfect the jointing and the more sharply defined the resulting 
blocks. In some beds of shale and limestone the jointing is exception- 
ally perfect (Fig. 238). 

Some jointing probably results from the tension caused by contrac- 
tion in beds of sediments when they are elevated from the sea floor to 
form land masses and lose part of the contained water as a result. 
A more common probable cause of regular fracturing is the warping 
and twisting experienced by the strata during crustal movements. In 
regions where the strata have been folded, as in many mountain zones, 
probably the force that folded the beds also produced many joints. 
Some sets of joints extend for long distances across a thick series of 


I. C. RUSSELL, U. S. GEOLOGICAL SURVEY. 

Fig, 238. Joints cutting nearly horizontal beds of limestone. There are txoo sets of 
joints, nearly vertical and at right angles to each other. (Exposed planes of one 
set are entirely in shadow; in the other set they are largely in sunlight J Drum- 
mond Island, Michigan. 
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beds and are known as mastet' joints. They are contrasted with minor 
fractures, some of which are limited to a single stratum. 

Joints in Igneous Rocks. A common type of jointing in igneous 
rocks is caused by the contraction resulting from the cooling of the 
igneous material during and shortly after solidification from the liquid 
state. It may manifest itself in one of several ways, depending on 
the rate of cooling, the size and shape of the igneous body, and other 
factors. Large intrusive masses of granite and similar rocks are char- 
acteiistically cut by joint planes that divide them into large blocks 
or prisms. Finer- grained rock in sills, laccoliths, and dikes commonly 
is divided into small angular fragments by closely spaced joints. Some 
laccoliths and similar dome-shaped intrusions have a shelly jointing 
on a large scale, parallel to the domed surface. This appears to have 
been caused by nearly uniform cooling of the mass from the periphery, 
with resulting separation into sheets. 

The most striking kind of contraction jointing in an igneous rock 
produces columnar structure, which is characteristic of tabular masses. 
Many dikes, sills, and lava flows are made up of closely fitting prisms 
subdivided by less conspicuous cross-joints. The prisms have a vari- 
able number of sides, but commonly they tend to be hexagonal, par- 
ticularly in lava flows, and some of them have remarkable regularity 
of form. They range from several inches to a number of feet in diam- 
eter, and up to 500 feet in length. The Giant’s Causeway on the 
north coast of Ireland is one of the most celebrated examples of this 
columnar structure. The columns form at right angles to the chief 
cooling surfaces, and consequently in a level intruded sheet or a flow 
of lava they are essentially vertical (Fig. 2391 , whereas in a vertical 
dike they are nearly horizontal. Thus some dikes, exposed as w'alls by 
erosion, resemble regularly piled cordwood. In igneous bodies that 
have curved surfaces the position and form of the columns depend on 
the form of the periphery of each individual mass. 

In addition to the joints caused by cooling, later fractures caused by 
crustal movements also affect igneous rocks ; but wherever a prominent 
columnar structure or other well-defined fracture system is original in 
the rock mass, later stresses are more likely to be relieved along these 
existing breaks than to form additional fractures. 

Jointing in Metamorphic Rocks. As a rule, metamorphic rocks are 
much jointed. This might be expected because of the extensive de- 
formation to which such rocks have been subjected. The character of 
the jointing varies considerably with the nature of the rock. Many of 
the massive gneisses have joint systems like those characteristic of 






GEOLOGICAL SURVEY. 


Fig. 239. Columnar Structure in a thick lava flotv. The Devil's Post-Pile, Middle 
Fork of the San Joaquin Fiver, California. 


granite, whereas rocks that retain original bedding, such as quartzite, 
have Joints similar to those found in sedimentary rocks. 

Practical Importance of Joints. Joints are a matter of great im- 
portance in all quarrying, tunneling, and mining operations where rock 
work enters as an important factor, since the Jointing obviously facili- 
tates the work of excavation. Without them, every rock fragment 
would have to be broken or blasted loose from bedrock. However, 
Joints may also be a serious inconvenience, especially if large blocks 
of quarried stone are desired. Perfect monoliths 50 to 100 feet in length 
can be obtained from comparatively few localities. 

General Features of Faults. Displacement of rock masses along 
a fault (p. 370) may occur at the time of the break, or at some later 
time. Faults are common features in rocks of all kinds. They are 
most evident in stratified formations, since the offsetting of definite 
layers makes a break conspicuous and directly measurable. However, 
massive igneous rocks are faulted as well; and, as mineral veins and 
other features of economic value are displaced by such fractures, it is 
extremely important from a practical as well as a scientific standpoint 
that the nature of faults be well understood. 


diVr 
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A surface of fracture along which movement and dislocation have 
occurred is often spoken of as a fault plane. Although a limited part 
of it may be nearly plane, it is rarely flat for any considerable dis- 
tance, but more or less curved and irregular. Therefore it is better, 
and causes less misapprehension, to term it a fault surface. Rather 
commonly a faulting movement occurs, not upon one surface, but upon 
a number of more or less closely adjacent breaks, producing a fault 
zone, in which the various offsets make in the aggregate the total dis- 
placement. The masses of rock involved in fault movements generally 
are of such size and weight, and are so compressed together, that the 
motion of one fault face on the other takes place under tremendous 
pressure. As a result of the friction the rock faces are smoothed and 
striated, and not uncommonly receive a high polish. Such polished 
and grooved surfaces are known as slickensides (Fig. 240) . The direc- 
tion of the line formed by the intersection of the fault with the plane 
of the horizon is called the stnke of the fault, just as we speak of the 
strike of inclined strata. The surface of faulting is rarely exactly 
vertical; usually it is inclined,- and in some important faults it ap- 
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Fig. 240. Fart of an old fault surface, with slickensides, uncovered hy erosion. 
The striae and fltetings indicate that the movement was directly down the dip of 
the surface. Spotted Range, Nevada. 
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proaches horizontality. The angle between the fault surface and the 
horizontal plane is the dip. In an inclined fault the side that over- 
hangs is known as the hanging wall, the other as the Joot wall (Fig. 
241). If one were to descend along a fault, as in an inclined shaft of 
a mine, the appropriateness of these old mining terms w^ould be evident. 

Generally the fracture is closed tightly; but parts of it may have 
been open at one time and have been filled with mineral matter de- 
posited from solution. Along many faults the grinding of the walls 



Fia. 241, Fault relations and terms. The strata have been displaced by a fault, and a 
vein of mineral (black) has formed along the fracture. Mining operations have removed 
the mineral to a considerable depth, exposing the hanging wall and foot wall of the fault. 
Part of the upthrown side has been removed by ero,sion, as shown bj' broken lines. The 
strata were dragged iipward in the hangiirg wall and downward in the foot wall by friction 
on the fault surface. 

upon one another has produced a zone of broken and crushed rock 
known as fault breccia. Commonly the finely powdered rock directly 
along the fault forms a seam of clay-like material, known as gouge. 
In the displacement of stratified rocks the friction usually causes bend- 
ing of the layers near the fault surface. This feature, referred to as 
drag, is a useful aid in .determining the relative direction of motion on 
the two sides of the fault (Fig. 241) . Practically it is of the highest 
importance as an aid in finding the dislocated segment of a coal bed or 
a mineral deposit. 

The features explained so far have to do chiefly with faults as seen 
belo^v the surface of the ground. Ordinarily a fault breaks the surface 
as well as the rocks beneath; and, if one side of the fault is elevated 
with relation to the other, the result is a cliff, or fault scarp (Figs. 243, 
254). With the passage of time the original scarp is modified or even 
removed by erosion (p. 384) . , 
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Movement on a Fault. Generally there is no means of telling how 
much actual movement there has been on either side of a fault. Even 
if a definite, recognizable object, such as a crystal or pebble in the rock, 
has been cut in two by the fracture and the halves carried apart a 
measurable distance, we can not determine whether one side of the 
fault stood still while the other side experienced all the displacement, 
or wdiether both sides shared in the movement. Conceivably we might 
know the exact position of every point on the ground before the fault- 
ing and later check the positions on each side of the break. Such a 
check is being attempted along some active faults in California. Gen- 
erally, however, we lack the precise information necessary for such 
a study of modern displacements; and most faults with which we have 
to deal are old features whose original expression at the Earth's sur- 
face was long ago destroyed by erosion. The actual walls of such 
faults usually are seen only in mine tunnels or in other excavations of 
limited size. 

Nevertheless an attempt is made to classify faults according to the 
apparent or relative displacement on the two sides as indicated by off- 
set strata, dikes, or other recognizable features. Thus in Fig. 243, it 
is evident, from the displacement of the layer V-V, that the hanging 
wall has gone down with relation to the foot wall (although actually 
the foot wall may have moved up while the hanging- wall block stood 
still, or both blocks may have moved) . A fault that has this relation 
between hanging wall and foot w^all is called a normal fault. If the 
hanging wall appears to have been crowded up over the foot wall, as 
in Fig. 244, the fault is called a reverse fault. 

Generally the movement on a fault surface is more or less oblique, 
as suggested in Fig. 246, instead of straight up or down the dip of the 
surface. Not uncommonly the motion is chiefly or entirely horizontal, 
parallel with the strike of the fault (Fig. 245). Such a fault is called 
a strike-slip fault. If it cuts only horizontal strata there is no measure 
of the movement except in displaced features on the ground, since the 
strata are not offset. Displacement of a steeply inclined dike, however, 
would record both the direction and the amount of movement. 

The simplest possible examples are shown in Figs. 242-245. Strata 
and other features of bedrock commonly are inclined and hence are off- 
set by either vertical or horizontal movement along most faults. There- 
fore the offsetting of rock layers, taken by itself, is not a safe criterion 
in solving fault problems. Some of the possible complications are dis- 
cussed below and shown in Fig. 248. 


DEFORMATION OP THE EARTH’S CRUST 


mi 


Since generally we do not see much of the fault surface, it is neces- 
sary to calculate the displacement from the effects seen on the ground, 
on the side of a valley cut through the fault, or some other chance plane. 



Figs. 242-245. Types of faults. Relative movement indicated by the broken bod V-Y . 

Fig. 242. Before movement. Position of the fracture shown by broken line. 

Fig. 243. Simple normal fault, making a scarp which the stream descend.^ in a cascade. 
Fig. 244. Reverse fault. The projecting edge of the hanging wall breaks off and 
slumps under its own weight. The stream is obstructed and forms a lake. 

Fig. 245. Strike-slip fault, with no vertical displacement. 

Therefore the displacement on a fault is described geometrically, by 
its components in t-hree dimensions. These three components are 
named and explained in Tig. 246. 

Faults in Stratified Rocks. Certain terms are used to define faults 
in relation to the structure of sedimentary beds that are- affected. Thus 
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in a strike fault, the strike of the fault and that of the strata are 
parallel, or nearly so (Fig. 247) ; dip faidts cut directly across the 
strike of the strata, or nearly so (Fig. 248); oblique faults cut diag- 
onally across the strike of the strata. The figures show only normal 
faults; but similar principles apply to reverse faults. The figures also 



Fig. 246. Oblique movement on a fault; points A and A' have moved apart along the 
fault surface. Broken lines show the displacement (slip), and its three components — 
throw, heane, and strike-^Up — measured along axes at right angles to each other. 

indicate no real strike slip, but in Fig. 248, C, there is offsetting of beds, 
with a false suggestion of strike movement. Such abrupt offsetting of 
tilted strata is one of the strongest suggestions of dip or oblique fault- 
ing. Strike faults are more difficult to perceive and are easily over- 
looked; not uncommonly they cause deception as to the thickness of 
strata by producing repetitions (Fig. 247, C). On the other hand, 



Fig. 247. Repetition of strata by normal strike faulting and later erosion. A, before 
faulting; jB, directly after faulting; C, surface leveled by erosion. 


some strike faults conceal strata after erosion has occurred. Such con- 
cealed strata may contain petroleum, or some valuable deposit of ore, 
which can be discovered only by a fortunate accident or by modern 
geophysical prospecting (p. 521) , 

Displacement on some faults is attended by rotary or pivotal motion. 
A fault of this general nature is known as a rotary fault; or, if the dis- 
placement dies out gradually up to a definite point, it is a hinge fault. 
After erosion has leveled the surface, a fault of this kind is indicated by 
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a pronounced difference in the strike and dip of strata on opposite sides 
of the break. Some hinge faults pass gradually into monoclinal folds 
(Fig. 249). 

Magnitude of Faulting. The scale of faulting varies within wide 
limits; displacement varies from a fraction of an inch up to thousands 
of feet, or even several miles. In the Plateau region of Arizona and 
Utah, several faults of great magnitude extend in a north-south direc- 



A , B c 

Fig. 248. Offsetting of sti-ata by dip faulting and later ero-sion^ A, before faulting; 
B, directly after faulting; C, .surface leveled by ero.sion. 


tion, some of them crossing the Grand Canyon. Each of the largest 
fractures in this group can be followed 100 miles or more, and each has 
a throw measured in thousands of feet. The Great Basin region pre- 
sents the phenomenon of faulting on a colossal scale. In the area be- 
tween the Sierra Nevada on the w^est and the Wasatch Range on the 
east, the crust is divided into huge blocks by gigantic fractures; and 
differential displacement of these blocks, together with erosion, has re- 
sulted in mountainous topography (Fig. 291, p. 455). 



Fig. 249. A hinge fault paciriing into a monoclinal fold. Front of block aliout 1 mile long. 

A sunken tract due to downfaulting, or to ujilift of adjacent areas, is 
called a graben (German for trough or ditch). Illustrations are the 
Jordan Valley and the Dead Sea basin in Palestine, and tlie great rift 
valleys of Africa. An upstanding mass between two faults is a horst 
(Fig. 291). 

JMany of the great fractures mentioned above are normal faults. De- 
tailed' study of eroded mountain areas has disclosed reverse faults of 
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enormous displacement, some of them dipping less than 20 degrees, or 
even horizontal. Such faults, which occur only in regions where fold- 
ing and crushing of the rocks have been exceptionally severe, are com- 
monly known as thrust faults, or simply thrusts. Many of these are 
of such magnitude and importance that they have come to be consid- 
ered as a special class of faults. The surface on which movement has 
occurred is spoken of as the thrust surface, or less accurately as the 
thrust plane. 

Such thrusts have been discovered in the Alps, in northwestern Scot- 
land, in Scandinavia, in the southern Appalachians, in the Rocky Moun- 
tains, and in many other mountain regions. The horizontal displace- 
ment of lower, older formations over younger rocks ranges from a few 
miles up to more than 25 miles for individual thrusts (Figs. 301-306, p. 
466). In many places erosion has partly destroyed the comparatively 
thin plate of the older rocks above the thrust, leaving isolated remnants 
resting on much younger foundations. An excellent example is Chief 
Mountain in Glacier National Park, Montana (Fig. 307, p. 467) . Such 
isolated masses that obviously are far removed from their original posi- 
tions are called “mountains without roots.” 

The deciphering of these great thrusts is one of the triumphs of mod- 
ern geologic research. It has led to rational interpretation of mountain 
structure that before seemed illogical and chaotic. An illustration of 
the practical value of such research was the discovery in Belgium of 
important deposits of anthracite coal after it was recognized that the 
coal-bearing formations lie concealed beneath older rocks that were 
pushed over them in the development of a great flat thrust. 

Surface Expression of Faults. Displacement of the Earth’s surface 
by a normal or a reverse fault gives rise to a cliff or scarp (Fig. 250) . 
Within historic time, movements that caused severe earthquakes have 
resulted in new scarps from a few feet to nearly 50 feet high (Fig. 254) . 
Many other cliffs and mountain fronts, some of them hundreds or thou- 
sands of feet in height, are recognized as fault scarps, but it is ex- 
tremely improbable that any one of these was formed by a single dis- 
placement. There is strong evidence that the stress responsible for 
slipping on a fault is relieved temporarily by abrupt displacement of a 
few feet or tens of feet, and then accumulates for years or even hun- 
dreds of years before the movement is repeated. Thus every high fault 
scarp is a very old feature judged by human standards, although it may 
be youthful from a geologic viewpoint. 

Such a scarp made directly by faulting is called simply a fault scarp 
(Fig. 243). Erosion starts to modify it as soon as it begins 'to be 
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Fig. 250. Looking southwtst along great fault at McDonald Lake, near Great 
Slave Lake, Canada. Maximum height of scarp is about 900 feet. This fault 
can be traced for more than 300 miles. 


formed, and the upper portion of every high scarp is considerably dis- 
sected, both because that part has been subject to erosion since the 
scarp was first initiated, and because erosion is most effective at high 
altitudes (Fig. 292, p. 456), After the faulting has ceased the entire 
scarp is continuously lowered, and it slowly retreats from the position 
of the fault. As erosion progresses, the scarp passes through the stages 
of youth, maturity, and old age, and finally, on peneplanation of the 
region, differences in elevation on opposite sides of the fault almost or 
entirely disappear. 

A large fault displacement as a rule brings together on opposite sides 
of the fault rocks that differ materially in composition and resistance. 
As erosion proceeds the original scarp (Fig. 251) is eventually de- 
stroyed, but as long as the entire region has considerable altitude the 
position of the fault is marked by a cliff or steep slope, because weak 
rock on one side is removed faster than resistant rock on the other. A 
scarp that is due entirely to differential erosion along a fault is called 
a fault-line scarp, to distinguish it from the earlier scarp that resulted 
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directly from the faulting movement (Fig. 252) . Since resistant rocks 
at any particular level are as likely to occur on the downthrow as on 
the upthrow side of the fault, not uncommonly the block that originally 




Figs. 251-253. Ideal development of a fault scarp through progressive erosion. 

Fig. 251. Scarp made directly by faulting. Only a little of the topmost stratum has 
been eroded from the uplifted block, and streams are cutting deep valleys into the high 
mass, spreading the debris on the downthrown block. 

Fig. 252. The same fault shown in Fig. 251, at a later stage in the cycle. A and B, 
points at the top and base of the scarp at thi.s stage, were beneath the surface when the 
initial scarp existed (Fig. 251). Therefore the original scarp has been entirely destroyed, 
and the scarp at this later .stage is wholly the work of erosion; it is a fault-line acarp. 

Fig. 253. A possible development in a late stage of the cycle. After the sandstone 
layer at A (Fig. 252) is destroyed the weak shales beneath arc eroded rapidly. The sand- 
stones beneath B, on the downthrown block, make erosion on that side more difficult. 
Aided by favorable changes in drainage, these differences in the bedrock may result in a 
fault-line scarp facing opposite the original fault scarp. 

stood the higher is eroded far below the other, and the resulting fault- 
line scarp faces in a direction opposite that of the earlier scarp (Fig. 
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Some fault-line scarps are developed by regional uplift after pene- 
planation has removed the differences in elevation on opposite sides of 
a fault (Figs. 255-257). There are excellent illustrations in central 
Connecticut and Massachusetts, where scarps destroyed by the erosion 
that formed the New England peneplane have been renewed since the 
region was warped up during the Cenozoic era. These examples show 
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Fig. 254. Result of recent faulting at the base of the Sonoma Range, Nevada. The 
new scarp, appearing as an irregular band extending across the view at the top of the 
alluvial slope, is about 20 feet high. The photograph was taken from a x>oint 3 miles away. 


the necessity of careful geological study in determining the exact his- 
tory of any fault. 

In southwestern United States, where large crustal iriovenKints have 
occurred in late geologic time, and where climatic conditions fai^or the 
development of excellent outcrops, there are many fine examples of fault 
scarps as well as fault-line scarps. The east slope of the Sierra Nevada 
and the west slope of the Wasatch Mountains are fault scarps that are 
youthful in a geologic sense. At the base of each of these ranges some 
of the movement has occurred so recently that scarps exist almost un- 
eroded in the fans of weak alluvial material brought down by the 
streams (Fig. 254) . The last recorded movement along the east base 
of the Sierra Nevada took place in 1872. These faults have grown by 
many successive displacements, and the upper part of each scarp has 
been greatly eroded. Some of the great faults in the Plateau region of 
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Arizona and Utah, through which the Colorado River cuts its way, are 
marked by prominent cliffs. These cliffs have been described as actual 
fault scarps; but most of them are fault-line scarps developed after 
advanced erosion and renewed regional uplift. 



Figs. 256-257. Development of a fault-line scarp during two cycles of erosion. Length 
of block about 5 miles. 

Fig. 255. A fault scarp {A-B), modified by erosion but still growing by downward 
movement of the right-haiid block. 

Fig. 256. The surface is reduced to a peneplane, through the point C, and lava flows 
spread across the position of the fault. 

Fig. 257. The entire region is uplifted uniformly, as indicated by arrows, and erosion 
forms a new scarp (C-D) by more rapid removal of the weak sediments on the down- 
thrown block. Presence of the lava flow, crossing the fault unbroken, proves that this is 
a fault-line scarp, developed wholly by erosion and not by renewed movement on the fault. 

Many old faults with vertical displacements amounting to thousands 
of feet are practically unrecognizable in the present topography. Ob- 
viously this relation in each case indicates erosion of great magnitude. 
Either there was a high fault scarp that slowly wasted away, or the 
growth of the displacement was so slow that erosion almost kept up 
with it. This last suggestion is not unreasonable, for we have evidence 
of repeated movements on some faults after intervals of long geologic 
periods. If individual movements are small and widely separated in 
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time, or if the rocks on the upthrow side of a fault are exceptionally 
weak, a prominent scarp has no chance to develop. 

Economic Importance of Faults. Faults and other fractures have 
commonly been the channels along which ore solutions have found their 
way and deposited valuable metallic minerals (p. 531). The famous 
copper-bearing veins at Butte, Montana, were formed in successive 
stages along sets of great faults that intersect and offset each other to 



(p. 123) exist in two sandstone formations; water rises from these aquifers along the fault 
(see full arrows), issuing as springs at the most favorable points. Since the granite at the 
right of the fault is almost impermeable, nearly all the water in the two aquifers is diverted 
to the Earth’s surface. Springs of this type are called fault-dam. springs. (Direction of 
fault movement indicated by half-arrows.) 

form a baffling complex of blocks. Efficient mining of these broken 
veins requires intensive study of the faults, to determine the order of 
their formation, directions and amounts of displacement, and other 
facts necessary for guiding the miners in their expensive tunneling oper- 
ations. The “losing” of a vein where it has been offset and thus hidden 
by faulting is one of the commonest difficulties encountered in mining. 

The occurrence and recovery of subsurface water, one of our greatest 
and most vital natural resources, are controlled to an important degree 
by geologic structure. Faults cutting across some artesian systems have 
brought impermeable rocks across the faulted edges of important aqui- 
fers, thus diverting the flow of water to form artesian springs (Fig. 258) . 

Engineers responsible for the construction of dams, aqueducts, and 
other large structures seek to avoid locations on or near faults, particu- 
larly those that are known or suspected to be still active. Shattered 
bedrock adj acent to “dead” faults may be too weak and permeable for 
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satisfactory damsites. Movement along an active fault beneath or near 
a dam or aqueduct might cause serious damage. 

Cause op Warping, Folding, and Faulting 

The immediate cause of rock deformation is. comparatively simple 
and generally agreed upon ; it results from stresses set up in the outer 
shell of the Earth. Some rocks yield by warping or folding but others, 
too massive or too brittle to permit yielding of this kind, become frac- 
tured. Compressive stresses give rise to folds and also to reverse faults 
and thrusts. In regions of broad warping, perhaps in connection with 
isostatic adjustment (p. 17), differential vertical stresses may produce 
normal faults. Thus over wide regions where the strata are not other- 
wise disturbed, as in parts of the Colorado Plateau, they are penetrated 
by steep fractures on which there have been great displacements. 

The ultimate cause of faulting and folding evidently depends on those 
processes within the Earth which give rise to compressional and ten- 
sional forces and so set up stresses in the lithosphere. The forces them- 
selves are hidden and can be inferred only from their effects. As the 
subject is obscure at best, and speculation must be guided by considera- 
tion of all available facts, it is best to postpone inquiry into the ultimate 
cause of crustal deformation until the structure and history of moun- 
tains have been discussed (Chap. 19). 

Unconformity, a Record of Ancient Diastrophism 

Sedimentary deposits, especially those laid down on sea floors and 
later elevated above sealevel, give a faithful record of the history of 
their times. In general the persistence of nearly uniform conditions, 
without any disturbance by crustal movements, results in continuous 
deposition of parallel strata with similar composition or with gradual 
change from one type of material to another, as from sandstone to shale. 
The strata in such a series are said to be conjormable with each other. 
But if crustal movement causes uplift and erosion of sedimentary beds, 
any later series of strata deposited above them is unconjormable with 
them (Fig. 259) . The unconformity of one group of rocks with another 
is evidence of a definite succession of events and therefore is a signifi- 
cant part of the geologic record. 

The most conspicuous unconformities result when eroded mountain 
regions, with their truncated folds and steeply tilted sections of sedi- 
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mentary strata, are buried by later sediments. At practically every 
point the edges of the older beds form a considerable angle with layers 
in the -later series, and therefore the term angular unconformity is ap- 
propriate (Fig. 259) . Two or more angular unconformities in the same 
section indicate two or more crustal disturbances, each followed by 



Fig. 259. Angular unconformity between two series of marine strata. The lower 
series was deposited as a conformable sequence, then tilted and eroded; later submergence 
allowed deposition of the upper series, after which the ai-ea was lifted above sealevel and 
the present drainage system was developed. The area represented covers several square 
miles. 

long-continued erosion and a later period of quiet w'hen sediments 
accumulated. 

On the other hand, suppose a wide shallow-sea basin is warped up 
almost uniformly to make a land surface. Erosion sets in, and a con- 
siderable thickness of the marine strata is stripped aw^ay over the en- 
tire area. If the sea again invades the district, new strata are deposited 
above the old erosion surface, and a later upwarping, with consequent 



Fig. 260. Disconformity between two series of formations. No tilting has occurred; 
but the lower series was uplifted uniformly and eroded before deposition of the upper 
strata. Compare Fig. 259. 

cutting of stream valleys, brings to view the older as well as the younger 
rocks (Fig. 260) , Because the older strata experienced no appreciable 
tilting they are essentially parallel to the beds above them; but the 
two series are separated by the old buried erosion surface. The un- 
conformity between the two groups of strata is important, because it 
represents crustal movement of wide extent and a long time interval 
during which no sedimentary record was being formed in the region, 
while part of the earlier record was being destroyed, Flowcver, this 
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type of unconformity is not so conspicuous as an angular unconformity, 
which attracts attention at once by the divergence of beds above and 
below. In view of this striking difference, the special name discon- 
formity is applied to an unconformity that is not characterized by any 
angular divergence between the two groups of strata. 

It is difficult to recognize some disconformities, particularly if the 
same type of rock lies above and below. This is true in parts of the 
Mississippi Valley, where limestones deposited during several geologic 
periods are almost as flat as the old sea floor on which they were formed. 
Geologists have learned to recognize and date the different formations 



Fig. 261. Disconformity between two series of strata, both series tilted together. A 
large part of the upper series was destroyed by stream erosion in developing the present 
surface after the tilting occurred. Compare Fig. 260. 

by careful study of the fossils contained in them. For some sections 
exposed in quarries or in natural cliffs it can be stated confidently that 
a particular layer is many millions of years younger than the layer 
directly beneath it, although the two are parallel and superficially much 
alike. Conditions were exceptional during much of geologic time in 
what is now the Mississippi Valley. During long geologic periods shal- 
low seas covered much of the region. Since land was far distant, only 
limy deposits accumulated on much of the sea floor. Slow warping 
movements made the sea now shallower, now deeper, and large tracts 
lay for a time above sealevel, but so low that very little was eroded from 
the surface and no hill-and-valley topography could be formed. Other 
tracts were covered with water so shallow that the breaking of the 
waves on the bottom prevented any permanent deposition for long- 
intervals of time. When enough deepening finally occurred to permit 
renewed sedimentation, the new strata were limestones, much like those 
directly beneath. In this way several disconformities were developed 
which, although they are inconspicuous, represent long intervals of time. 

A distinguishing characteristic of disconformities is the parallelism of 
the younger and older strata ; it is not essential that the beds shall be 
horizontal or undeformed. Commonly there has been disturbance. 
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either slight or severe, at some time after the younger formation was 
deposited. Since both groups of beds are deformed together they re- 
main parallel (Fig. 261). 

Unconformities Involving Nonsedimentary Rocks. Although the 
conception of unconformity is inseparable from sedimentary processes, 
the old surface on which strata are unconformably laid may be devel- 
oped on rocks of any kind. Granite and other massive igneous rocks, as 
well as metamorphic rocks of all kinds, have been bared by erosion in 
wide areas and later covered with sediments (Fig. 262) , The contact is 
a surface of unconformity if the sediments were deposited on it. If the 
contact between rock masses of unlike character results from faulting 



Fig. 262. Unconformity made by erosion of granite bedrock and later deposition of 
sedimentary strata on the irregular stu'face. 

or from igneous intrusion, however, the term unconformity does not 
apply. 

Common Features of Unconformities. Since every unconformity 
involves some degree of erosion before deposition of the younger sedi- 
mentary series, the surface at the base of this series is more or less 
irregular. If the old land surface on which deposition began was hilly, 
the buried hills and valleys can be recognized provided the uncon- 
formity is well exposed. Generally the old lands were worn down to low 
relief before any permanent deposits were formed. If the unconformity 
represents invasion of the land by the sea, it is probable that submer- 
gence occurred very slowly and wave action near the advancing shore- 
line had opportunity to plane down the most prominent irregularities. 
If the sediments on the surface of unconformity are ordinary stream 
deposits, probably the old land had been reduced by streams to a 
peneplane, because most sediments laid down on a high, rugged land 
mass are swept away by continued erosion. Exceptions are the deposits 
in basins of interior drainage, which accumulate until they bury hills 
and mountain ranges (p. 115). Through changes in climate or im- 
portant shifts in drainage some ancient basin deposits of this kind have 
become deeply dissected, and the extremely irregular contact between 
the sediments and the rugged old surface is exposed. Tributaries of the 
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Colorado River have exhumed old buried mountain topography of this 
sort in southern Nevada. 

Usually the sediments deposited on a surface of unconformity are 
distinctly different in character from any sedimentary formations be- 
neath. Whenever the sea invades the land every part of the submerged 
area is passed over by the advancing shore zone, with its characteristic 
deposits of pebbles and coarse sand (p. 279; Figs. 190, 191). As a 
common result a basal conglomerate, composed in part of the beach 
materials, lies directly above the old land surface. 

Whether the first sediments above an unconformity were deposited by 
the sea or by streams, some pebbles in the lowest layer had their source 
in the rocks on which the deposits rest. The presence in a conglomerate 
of pebbles obviously derived from granite beneath proves clearly that 
the granite is older than the overlying strata and therefore is not in- 
trusive into them. 

Unconformities and Earth History. A study of unconformities 
emphasizes the close relationship between crustal movements, erosion, 
and sedimentation. The lands are being worn down and sediments are 
accumulating continuously. But slowly the scenes shift. Folding or 
I faulting in a geosynclinal basin, or upwarping at the edge of a continent, 

; brings to light the strata built up during former ages. At once the 

j forces of erosion attack the strata of shale, sandstone, and limestone, 

I and in the act of destroying them reveal the record they contain. In the 

I deeply incised stream valleys we see angular unconformities that testify 

I to severe folding in remote geologic periods, or widespread disconformi- 

ties that indicate ancient upwarping of large areas. As erosion bares 
these secrets, the streams carry away detritus and deposit it, perhaps 
on a land surface recently submerged. Thus construction in one place 
I supplements destruction in another; the whole complex record shows 

I the constant struggle between deep-seated forces that produce the major 

I relief features and processes at the surface that strive to keep the lands 

featureless and low. 
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Chapter 16 


EARTHQUAKES 

Nature and Origin 

Sensitive modern instruments distributed widely on all the continents 
show that the outer part of the Earth trembles almost constantly. Most 
of the tremors are not perceptible to our senses, although they are re- 
corded instrumentally; many of them are caused by various activities 
at the Earth’s surface, such as the ebb and flow of the tides, changes in 
atmospheric pressure, the rush of traffic on city streets, and the tum- 
bling of streams over high falls. But numerous tremors, both powerful 
and we.ak, are the result of disturbances within the body of the Earth 
itself and logically are called earthquakes. 

Human Interest of Earthquakes. The scientific value of earth- 
quake study lies in the large amount of information it yields concerning 
the interior of the Earth. There is a more immediate interest, however, 
in the relation of earthquakes to human affairs. From the earliest 
recorded times the recurrent shaking of the ground, with consequent 
destruction on the surface, has been a cause of terror to mankind. 
Repeatedly, in numerous localities, populous eommimities have suffered 
great loss of life and property. Destructive earthquakes recorded dur- 
ing the brief span of written human history are numbered in thousands. 
Geologic evidence indicates that violent shocks have been recurrent 
throughout the history of the Earth; and there is every reason to expect 
their frequent occurrence in the future. 

The serious aspect of earthquakes from the human viewpoint is 
realized on review of some major catastrophes. On September 1, 1923, 
more than 140,000 lives were lost as a result of the Tokyo earthquake, 
and the estimated property loss was nearly 13,000,000,000. The shocks 
at Messina in 190S and at Kansu, China, in 1920 were equally disastrous 
to life. According to written records, more than a million and a half 
persons were killed in China by ten shocks between the eleventh and 
twentieth centuries; and Mallet, a profound student of earthquakes, 
estimated that for the whole Earth at least 13 million lives were lost 
392 
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through destructive shocks in the course of 4000 years. Although ac- 
tivities of man himself, such as the waging of war and the operation of 
automobiles, result in a much higher death rate, nevertheless earth- 
quakes are especially productive of fear, probably in part because they 
come without warning, and in part because to most people their origin 
seems mysterious. Study of earthquakes from the viewpoint of geology 
and physics has dispelled a part of the mystery. The study is called 
seismology (sTs-moi'o-ji) from the Greek seismos, earthquake. 

Causes of Earthquakes. An earthquake is a trembling or undula- 
tory motion in the elastic rocky shell of the Earth, communicated to it 
by sudden jarring of some kind, just as a bell is set in vibration by a 
smart tap on its side. The jarring impulse evidently is the immediate 
cause of the earthquake; but what is the origin of such disturbances? 
Ancient philosophers tried to answer this question, but their specula- 
tions were without scientific basis. Aristotle taught that subterranean 
cavities are filled with air which in its struggles to escape causes the 
ground to shake. Lucretius, in his De Berum Natura (first century 
B.C.), made a shrewder guess in assuming roof collapse in vast caverns 
as one of the primary causes. Probably some local shocks have origi- 
nated in this way in karst regions such as those of Yugoslavia and Ken- 
tucky (p. 137) . 

Volcanic Earthquakes. It is well established that some earth- 
quakes are associated with volcanic activity. The violent outbursts of 
Krakatoa in 1883 (p. 327), of Bandaisan (Japan) in 1888, and of Pari- 
cutin (Mexico) beginning in 1943, were accompanied by shocks that 
were severe locally; but most earthquakes of this class are of low in- 
tensity and affect limited areas. Moreover many outbursts are not 
attended by any shocks, or at best are accompanied by only feeble 
tremblings, such as occurred during the eruption of Mont Pelee in 1902, 
For a long time it was thought that volcanic action was an important 
source of earthquakes, and this idea still appeals to popular fancy; but 
careful comparison of the two phenomena, especially in Japan, has 
shown that there is no necessary connection in occurrence between 
heavy earthquakes and volcanic eruptions. Instruments near Kilauca, 
in Hawaii, record frequent minor tremors — sometimes hundreds of them 
in a single month. Very few of these are accompanied by visible vol- 
canic activity, although it is probable that shifting of magma at some 
depth is the principal cause of the local shocks. 

Crustal Movements the Chief Cause. Most of the major earthciuakes 
result from sudden yielding to stress in the Earth’s crust, either by 



394 


PHYSICAL GEOLOGY 



formation of new fractures or by abrupt displacement along the walls 
of existing faults (p. 377). In many areas visited by disastrous shocks 
the surface of the ground has been broken along faults, and the amount 
of displacement is clearly indicated. Commonly these movements take 
place along old fault zones which bear the marks of repeated displace- 



Fig. 263. The San Andreas fault and other faults in the vicinity of San Francisco, Cali- 
fornia. The mountain ridges are a part of the California Coast Ranges. 

ment. In California a great fracture zone can be followed almost con- 
tinuously, by means of its peculiar surface expression, from the southern 
part of the state northwestward for 600 miles. This feature, the San 
Andreas fault, passes near the city of San Francisco (Fig. 263). On 
April IS, 1906, abrupt movement along at least 270 miles of this fracture 
caused a destructive earthquake. The length of this break is excep- 
tional among recorded fault movements; but similar breaks 25 to 50 
miles long are not uncommon. 

A detailed study along the San Andreas fault, after the rupture in 
1906, yielded valuable information on the nature and amount of the 
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displacement. In most places no scarp was made by the faulting, be- 
cause the motion was almost entirely horizontal, parallel with the fault 
(Fig. 264) . This fact was established beyond question by the offsetting 
of roads, fences, and other features that extended across the break. 
The largest measured displacenient was 21 feet. On May 18, 1940, 
comparable movement occurred in extreme southern California, along 
a fault that appears to be a branch of the great San Andreas fault, caus- 
ing a severe earthquake in Imperial Valley (Fig. 265). More com- 
monly a part of the motion on a break of this kind is vertical and forms 
a steep scarp (Fig. 254, p. 383), The great Yakutat Bay (Alaska) 
earthquake in 1899 resulted from an abrupt vertical displacement that 
lifted part of the coastal belt nearly 50 feet. 

When we consider that the walls of a fault are pressed closely to- 
gether, that movement is possible only by overcoming great frictional 
resistance, and that the displacement, once it occurs, takes place almost 
instantaneously, it is not surprising that powerful vibration is set up 
in the adjacent rock. The exact nature of movement along the San 
Andreas fault in 1906 was made the subject of special study, and it was 
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Fig. '264. Air view along the San Andreas fault zone, at the west base of the Tem- 
blor Kange, California. The -position of the fault is marked by the nearly straight 
furrow between the hills and the low ground. View taken from altitude of 6000 
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concluded that slow movement of great crustal blocks on opposite sides 
of the fault had been in progress for many years before the earthquake 
occurred. Deformation in the rock was by slow bending, until the 
strain could be borne no longer and relief occurred by elastic lebound 
along the old fracture (Fig. 266). According to this view the sudden 
movement of 1906 was confined to a comparatively narrow belt closely 
adjacent to the fault and did not involve the immediate shifting ^ grea 
segments of the crust. The distorted rocks along the fault straightened 
with the abruptness of the springing of a steel trap; energy that had 
■ been accumulating for decades was released in an instant, striking the 
Earth a sharp blow that made it tremble. Vertical displacement on a 
fault is supposed to occur by similar elastic rebound after slow bending 

(Fig. 267). .,1 

A visible fault does not appear in every area visited by an earth- 
quake. Commonly direct evidence of crustal movement is wanting, 
especially in connection with mild or moderate shocks. It is be leved 
that actual displacement occurs frequently at considerable depth and 
does not reach the surface. This is a logical inference, since ^every break 
must be limited in extent, vertically as well as horizontally. Earth- 
quakes of the first rank, however, are generally restricted to regions ot 
active faulting, for which there is evidence at the surface. Many major 
shocks originate under the sea, and in some places soundings made after 
such an earthquake have demonstrated that the sea floor was displaced 
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Fig. 266. Illustration of the elastic rebound theory of earthquakes. Sketch map of 
an area in the vicinity of the San Andreas fault (/-/)• ABC', position of a line (say a fence) 
directly before strain began to build up in the fault ssone; axC, position of the line several 
years later, when the rocks had been considerably deformed; DyC, position of the line 
immediately before the movement of 1906; DE, JSC, the two offset portions of the line 
after slipping occurred on the fault, allowing Dy and yC to straighten. C is a stationary 
point outside the zone of movement. (Scale of BE greatly exaggerated; this distance is 
only about 20 feet, whereas AC is 200 miles or more.) 



Pig. 267. A segment of the crust showing elastic rebound from vertical strain, with 
the formation of a fault scarp. The upper block shows bending (greatly exaggerated) by 
accumulating strain before movement; the lower block represents the displacement alter 

the elastic rocks have sprung into a position of no strain. 
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at the time of the shock. Transoceanic cables have been broken by 
abrupt displacement of the floor athwart their courses. 

Intensity of Earthquakes. Earthquakes vary in strength from 
minute tremors to the irresistible shocks that cause major human dis- 
asters. In order to compare the effects of different shocks, and the 
results of the same shock in different places, an arbitrary scale of in- 



Modijied from Charles Davison. 


Fiq. 26S. Isoseismal map of an earthquake with epiceiiter near Hereford, England, in 
1896. Roman numerals indicate intensity in the several zones. Note that the isoseismal 
lines are not circular, but outline oval-shaped areas elongate northwest-southeast. 

tensity has been adopted; on this scale earthquakes are classified from 
I to X in increasing order of strength. A shock of intensity I is hardly 
noticed even by an experienced observer, but is recorded by delicate 
instruments ; one of intensity V is felt by nearly everyone awake, dis- 
turbs furniture in houses, and rings church bells; intensity as high as 
Vm is required to throw down chimneys and crack the walls of brick 
or stone buildings; intensity X causes widespread destruction of build- 
ings and disturbance of the ground. 

By the use of such a scale a region affected by an earthquake is 
divided into intensity zones, and the lines separating adjacent zones arc 
called isoseismals. Ideally they inclose nearly circular or elliptical 
belts around the area of highest intensity (Fig. 268) ; but for an earth- 
quake caused by slipping on a long fault, like the California earthquake 
of 1906, the isoseismals define narrow belts that are nearly straight for 
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long distances (Fig. 269) . Differences in the nature of the bedrock and 
also the irregular distribution of unconsolidated sediments cause pro- 
nounced local irregularities in isoseismal maps (Fig. 269) . 

The scale of intensity based on observed destructive effects is useful 
for comparative purposes; but at best it gives only a crude and cpialiia- 
tivc conception of the energy displayed by an earthquake at each local- 



Fig. 269. Zoiies of intensity in the lower part of the San Francisco peninsula, for the 
earthquake of 1906. Roman numerals indicate degrees of intensity in the belts con- 
cerned. The highest intensity (X) was restricted to a narrow bolt on each side of the 
fault, and in general there was a gradual decrease on both side.s: but the belt of loose 
deposits near the Bay caused abnormal intensity. Since there wore no dwellings or other 
works of man on the tidal marsh, the intensity in that area is not known. 

ity affected. A more scientific scale, in use by some special students of 
earthquakes, is based on comparison of graphic records made by an 
instrument of standard type at a distance of 100 kilometers from an 
earthquake center. Engineers interested in building earthquake-resist- 
ing structures have devised another instrument that gives precise 
records of intensity, expressed in terms of the acceleration of a mass 
set in motion by an earthquake shock. As the practical study of earth- 
quakes continues, no doubt these instruments will be further perfected 
and will be adopted for general use in seismic regions. 
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Disteibution 

Seismic Belts. Although earthquakes occur in all parts of the world, 
those that occur on land are concentrated in certain well-defined tracts, 
most of which lie in two great seismic belts. One of these follows the 
w'ostern coast of North and South America, the Aleutian Islands, and 
the island groups along the eastern coast of Asia such as Japan and the 
Philippines, and thus borders the Pacific Ocean on the east, north, and 
west. The other includes the Mediterranean, the Alps, the Caucasus, 
and the Himalayas and continues into the East Indies, where it inter- 
sects the first belt (Fig. 217, p. 332). In a general way these zones co- 
incide wdth the great volcanic belts (p. 331) ; and this fact might appear 
to support the idea that volcanoes are an important cause of earth- 
quakes. However, since the belts correspond closely to young moun- 
tain systems and other marks of recent crustal movement, it is prob- 
able that earthquakes and volcanoes have a common relation to this 
disturbance of the crust. It is a notable fact that where the seismic 
belts lie directly along the continental borders, as on the coast of Chile 
and the eastern coast of Japan, the edge of the continental mass de- 
scends rather abruptly, without any broad intervening shelf, to great 
depths. These deeps (Fig, 2, p. 4) are great troughs that appear to be 
sinking while the bordering lands are rising. We conclude that these 
are zones of weakness in the Earth’s crust where stresses are being 
relieved by frequent movements, and in which therefore earthquakes 
recur at short intervals. 

It is commonly thought that certain regions are practically exempt 
from danger of earthquakes because no real disaster has happened in 
them since they have been settled and cities have sprung up within 
them. It is true that most of the Atlantic coasts, and large areas in 
continental interiors, are relatively free from earthquakes. The com- 
parative stability -of the Atlantic seaboard as compared with that 
around the Pacific is emphasized not only by the historical record, but 
by the existence of a wide continental shelf, which is in strong contrast 
with the deep wmter near the Pacific coasts (p. 4). However, the 
experiences of the central Mississippi Valley in 1811 and of Charleston 
(South Carolina) in 1886 warn us that no locality may be entirely 
exempt. Even in New England, which is not recognized as a seismic 
tract, there has been an average of one perceptible tremor a year since 
the settlement of the country. Probably the only one of these that ap- 
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proaclied maximum intensity occurred in 1755, with its center near 
Cambridge, Massachusetts. 

Submarine Shocks. The location of seismic belts near the margins 
of continents suggests that many earthquakes are of submarine origin. 
Their occurrence beneath the sea is shown directly by shocks com- 
municated to vessels on the surface above, and by rupturing of sub- 
marine cables. Since the invention of sensitive instruments by which 
it is now possible to record distant earthquakes and determine their 
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Fig. 270. Recorcts by a tide gage. The lower curve shows the normal succession of 
high and low tide; the upper cuiwe shows rapid oscillations, with a period of about 25 min- 
utes, caused by a seismic sea wave superposed on the tidal record. Horizontal spaces 
record equal time intervals as the paper is moved uniformly by clockwork. Vertical 
spaces show heights in feet as recorded by the rising and falling pencil of the gage. 

location, it has been learned that a large majority of earthquakes occur 
on the floor of the Pacific. A prominent seismic belt on the floor of the 
Atlantic coincides rather accurately with the Mid- Atlantic ridge (Fig. 
217, p. 332). The most conspicuous mark of a submarine earthquake 
is the huge wave that commonly is generated in the sea by disturbance 
of the floor. Such waves have long been known as “tidal waves," a 
misleading name since they have no connection with the tides. They 
are now generally known to seismologists by their Japanese name, 
tsunamis; they are also called seismic sea waves. Some are of immense 
size, measuring 100 or even 200 miles from crest to crest, and as much as 
40 feet in height. They are so broad that in the open sea they are not 
ordinarily perceived; but on approaching a coast those of large size 
pile up in huge breakers and, sweeping far inland, cause enormous 
damage and loss of life. 

Lisbon in 1755, Japan in 1703 and 1896, and Peru in 1868, suffered 
from great and disastrous tsunamis.: In April, 1946, a tsunami that 
originated in the Aleutian Deep caused widespread destruction in the 
low coastal areas of the Hawaiian Islands 2000 miles awuy. The 
number of victims of a single inundation of this kind has been as great 
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as 100,000. These vast waves are felt over whole oceans and move 
with tremendous speeds, ranging from 300 to 500 miles per hour. Some 
that originated near Japan have crossed the Pacific in about 12 hours. 
At such distances their height may be only a few inches ; but they ebb 
and flow like small tides in periods of 15 to 30 minutes, and these varia- 
tions are registered as undulatory lines on the record of a tide gage (Fig. 
270) . 

Seismology 

Transmission of Earthquake Vibrations. It is important that we 
distinguish clearly between cause and effect in earthquake phenomena. 



Fia. 271. Correspondence between belts of intensity and geologic forniations at 
Messina, Italy, in 1908. The water-soaked loose sediments appear in black in the vertical 
section on the front of the block. 

The displacements shown in Figs. 265 and 267 are not, as is commonly 
supposed, the results of earthquakes; they represent the causes. The 
effect of the sudden movement along a fault is to set up vibrations that 
move outward from that place, as circular waves spread out from the 
position at which a stone strikes the surface of a pond. Thus the earth- 
quake is propagated as a series of waves in the highly elastic body of the 
Earth. In the passage of these waves the particles of bedrock usually 
arc displaced only a fraction of an inch, even near the origin of the 
shock; but loose objects on the surface may be thrown several feet by 
the impulse. This effect is illustrated in miniature by placing a pebble 
or similar object on a board floor and striking the floor a sharp blow 
with a hammer ; the pebble can be made to leap several inches although 
the floor in transmitting the impulse does not move perceptibly. 

Oscillation of the ground during an earthquake reaches a maximum 
in thick deposits of recent sediments that are saturated with water. At 
San Francisco the devastation was most acute on the low flat near the 
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bay, which is underlain by loose, water-soaked silt and sand (Fig. 269) ; 
well-constructed buildings on bedrock, even much nearer the fault, suf- 
fered less damage. At Messina, Sicily, in 1908, there was an even 
clearer correlation between maximum destruction and recent sedi- 
mentary deposits (Fig. 271) . The contrast in behavior of unconsoli- 
dated sediments and of bedrock may be illustrated by striking sharply 
the side of a bowl containing jelly. The bowl is set vibrating with 
resulting sound, but actual motion in the walls of the vessel is imper- 
ceptible. However, the same impulse transmitted to the jelly sets up 



Fig. 272. Ideal section through part of the Earth, to illustrate the spreading of elastic 
wave-s in nearly spherical form away from an earthquake focus (the inner small circle) . 
These successive wave fronts intersect the surface of the Earth, as indicated by the lines 
at the top of the diagram. Vertical path emerges at the epicenter, e. The impulse travels 
more rapidly with depth, because of the incrca.sing pressure; hence the wave fronts arc 
not truly spherical. Any line (except the vertical) along which the impul.se may be traced 
from the focus to a point on the Earth’s surface is curved downward, as shown; such a line 
is everywhere at right angles to the advancing wave front, 

longer waves that are visible. Excessive destruction on saturated loose 
sediments is caused by this larger wave motion as compared with the 
behavior of solid rock. Observers at Charleston, South Carolina, dur- 
ing the destructive earthquake of 1.886, reported that they saw the 
ground rise and sink with the swift passage of large swells. 

If we think of the origin of an earthquake as a single point at some 
depth below the surface, the wave impulse should move out in all direc- 
tions, -with the -wave front at the start exactly spherical; the impulse 
should fir.st reach the surface at a point vertically above the origin, and 
the surface area affected should grow from this point in an ever- 
enlarging circle (Fig. 272). At one time, this simple conception of 
cai-thquakes was commonly held. The supposed point of origin was 
called the focus or centrum, and the point directly above it on the sur- 
face the epicenter (e, Fig. 272) . On an ideal isoseismal map (p. 398) 
the epicenter is at the exact center, for according to the original concep- 
tion the isoseismal lines should be exact circles, the intensity dying out 
uniformly away from the point directly above the focus. Usually, how- 
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ever, even where no indication of faulting is visible at the surface, the 
isoseismals are roughly elliptical, suggesting that the vibrations at the 
surface started along a line of some length instead of from a point. Not 
uncommonly, also, in a region visited at frequent intervals by earth- 
quakes the different epicenters are situated along a line ; such a line 
probably represents a long fracture at some distance below the surface. 

The terms focus and epicenter still have value in the study of earth- 
quakes, although it should be understood that they are not points. 
The necessity for modifying the older views is evident when we con- 
sider the great length of the fracture on which slipping occurred to cause 
the San Francisco earthquake. Initial vibrations started along the 
entire surface of this fault, over a length of at least 270 miles and 
reaching from the surface to an unknown depth. Isoseismal belts for 
such an earthquake are extremely elongate. 

The general position of the epicenter of a strong earthquake is indi- 
cated also by the directions in which objects on the ground are displaced 
by the shock. At the epicenter the force acts directly upward; in 
other positions the vibrations emerge obliquely and tend to throw ob- 
jects away from the epicenter, although monuments and similar ob- 
jects, from having their bases thrust outward, commonly fall toward 
j the center of the disturbance. Therefore the positions of pillars and 

f chimneys that have been thrown down by an earthquake furnish im- 

i portant information. 

P Seismographs and Seismograms. Seismographs ^ are precise and 

|; sensitive instruments that record all phases of an earthquake, even at 

j a great distance, with the exact time of each phase. The general prin- 

: ciple used in constructing these instruments is most clearly illustrated 

by one of the older types. A heavy mass of metal suspended like a 
P pendulum has considerable inertia and so tends to remain at rest while 

ii the bedrock beneath it vibrates in an earthquake. The suspension of 
the weight is illustrated in Fig. 273. A concrete base for the instrument 
is sunk into firm bedrock, and no loose mantle is allowed to come in 
contact with the base ; thus the instrument is kept free from local dis- 
turbances, such as jarring due to traffic, which might obscure essential 
parts of an earthquake record. An upright metal post (P) is bolted 

1 Several modern types of seismographs are pictured and described in Reading 
References 4 and 6 (p. 412). In some of these the relative motion between the 
weight and its suppoid is utilized to move a small coil of wire in a magnetic field. 
The small electric current thus generated is much amplified by a vacuum-tube 
amplifier, then conducted to an oscillograph, where it actuates a galvanometer. 
Thus the actual vibrations in the ground can be recorded in greatly magnified 
form. . ' 
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firmly to the concrete base, and the heavy weight (W), mounted on a 
rigid arm (L), is supported only by a freely moving socket joint (S) 
and a flexible wire (J^). When elastic vibrations are transmitted 
through bedrock and the concrete base, the post is set in motion, but 
the weight remains essentially motionless and so serves as a “steady 
point.” 

The recording apparatus is a drum (R), which is made to rotate 
slowly by a clockwork mechanism. This apparatus also is bolted to 



Fig. 273. Generalized representation, in profile, of a seismograph of one type. The 
chief parts, indicated by letters, are explained in the text. The recording apparatus (H) 
should be much farther from the mirror (M) than shown; for this reason the concrete 
base and the bedrock beneath are represented as discontinuous. Inset at upper left shows 
in perspective the drum, E, with record of an earthquake. (On sensitized paper, the 
record would not be visible imtil the paper was developed.) 

the concrete base and vibrates with it during an earthquake. These 
vibrations are graphically recorded, with the aid of the “steady point.” 
In early models a stylus attached to the weight W had its point in con- 
tact with smoked paper covering the drum. The shaft of the drum is 
equipped with a worm gear, which shifts the drum longitudinally as it 
rotates. When the bedrock was undisturbed, the point of the stylus in 
the old-style seismograph traced a continuous plain line on the smoked 
paper, as represented at the left in the inset, Fig. 273. When earth- 
quake waves caused the drum to vibrate, however, the stylus recorded 
the motion as a zigzag line, , as shown on the inset. Such a graphic 
record of earthquake vibrations is called a seismogram (Fig. 274). 

In a later development of the recording apparatus, still in common 
use, a beam of light {B, Fig. 273) is reflected from a mirror (M) at- 



406 


PHYSICAL GEOLOGY 


tached to the steady point, and impinges on photographic paper cover- 
ing the rotating drum. The resulting lines are revealed only after the 
sensitized paper has been developed. Vibrations of a distant earth- 
quake are of course small, and therefore the recording device on most 
seismographs is constructed to give considerable magnification of the 
actual amplitudes. All instruments are equipped to mark time inter- 
vals on the moving paper, so that each important phase of an earth- 
quake is timed closely (Fig. 275) . 

Every complete seismograph has three independent components, each 
making its own record. Part of the vibration in bedrock is in the verti- 



FiO. 274. Record made at Pulkovo, Russia, of an earthquake in Asia Minor. P is 
the beginning of the primary waves; S, of the secondary waves; L, of the long waves, 
which continue to the right side of the diagram. The time elapsed between P and S was 
3 minutes and 43 seconds, corresponding to a distance of 1400 miles between the station 
and the epicentral area. 

cal plane, and one seismographic unit is especially designed to record 
this vertical motion. In addition, two units for recording horizontal 
components are mounted at right angles to each other, usually along 
north-south and east-west lines. The necessity for this is made clear 
by a simple analysis. Since vibrations are parallel to the direction in 
which earthquake waves advance, a unit of a seismograph tliat has the 
recording device and the “steady point” along a north-south line will 
give no record of an earthquake whose center is directly north or south 
of the instrument. Vibrations from such an earthquake will receive 
maximum recording by a unit mounted along an east- west line. With 
two units at right angles to each other, a station will give some record 
of the horizontal motion, whatever the direction of the epicenter from 
the station. 

Modern seismographs are remarkably sensitive and precise, and some 
of them are made small and light, to permit easy and rapid transporta- 
tion from one station to another. Portable seismographs are in com- 
mon use for recording “artificial earthquakes” created by dynamite 
explosions, to determine underground conditions favorable for accumu- 
lations of petroleum and natural gas (p. 523). 
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The recording of earthquake tremors thousands of miles from the 
epicenter testifies not only to the sensitiveness ot the modern seismo- 
graph but also to the high elasticity of the Earth. Seismographs are 
now widely distributed on all continents, and every major earthquake 
is recorded in practically every civilized country in the world. 

Interpretation of Seismograms. The study of seismograms of distant 
earthquakes led to the discovery that the main shock is preceded by 
smaller rapid vibrations known as the preliminary tremors. Thus a 
normal seismogram has the characters seen in Eig. 274. These pre- 
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Fig. 275. Seismograni, made by an instrument at Gottingen, Germany, of the Tokyo 
earthquake, Japan, Sept. 1, 1923, 5700 miles (9200 km.) distant. The first preliminary 
wave reached the station shortly after 3 a.m., and the record ran continuously for more 
than 4 hours. (The five segments in the figure fit together as a continuous graph, as indi- 
cated by corresponding letters at ends of segments.) Note complexity of preliminary 
waves and of the impulses following the long waves. 


liminary tremors represent elastic impulses that come through the 
Earth, in the general direction of a chord from the seat of disturbance 
to the recording station; whereas the later large vibrations represent 
those waves that have traveled by a longer route around the circum- 
ference. The first preliminary tremors (P to ;S, Fig. 274) are caused 
by a compressional or longitudinal wave (commonly known as the pri- 
mary), w4iich travels several miles per second; the other preliminary 
set {S to L, Fig. 274) represents a transverse wave motion (the sec- 
ondary wave), which travels at about half the speed of the primary. 
Therefore the time interval between the two sets of preliminary tremors 
is proportional to the distance traversed, and from this information the 
distance between the seat of the shock and the seismograph can be cal- 
culated accurately. The calculation uses the same method required by 
a problem found in elementary textbooks of algebra, stated as follows: 
Train A, traveling at average speed 50 miles an hour, and train B at 30 
miles an hour, leave a given station at the same time. A arrives at 
another station three hours earlier than B; what is the distance between 
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the two stations? In the seismic problem the P wave is analogous to 
train A, the S wave to train B. 

If the distances of an epicenter from at least three separate stations 
are computed and circles are drawn on a globe with these distances as 
radii, the circles intersect in the epicentral area (Fig. 276). This 



Fig. 276. Method of locating the epicenter of an earthquake from records at tlu'ee 
stations. At Berkeley, California (B), St. Louis, Missouri (S.L.), and Cambridge, Massa- 
chusetts (C'), the distance is found from the relation of P and /S on the seismogram (Fig. 

274) . Using the distances as radii, circles drawn about the stations interfsect in southern 
Mexico, at the epicenter (e). 

method of locating the origin of an earthquake invokes a principle that 
is learned in elementary geometry. 

Most seismograms record a succession of vibrations following the first 
long waves. Some of these later phases represent recurrent after- 
shocks, and others are due to complex reflected and refracted wave 
motions in the Earth (Fig. 275). Every record received at a distant 
station shows also compound instead of simple P and S waves (Fig. 

275) , indicating that refraction of these elastic impulses occurs at the 
boundaries of definite layers or zones in the Earth that differ in clastic 
properties (Fig. 285, p. 440) . 

By careful study of records from several stations distributed around 
an epicenter, it is possible to calculate. the depth at which a shock origi- 
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nated. A large majority of earthquakes that have been studied are in 
the shallow-focus class, having their origin less than 30 miles (50 
kilometers) below the Earth’s surface. In sharp contrast to these, a 
considerable number of earthquakes are in the deep-focus class, origi- 
nating at depths as great as 400 miles (700 kilometers) . A deep-focus 
earthquake is felt with nearly uniform intensity in an area hundreds of 
miles across. Seismograms from such earthquakes are distinctive, since 
they have practically no record of long waves. Deep-focus earthquakes 
were first recognized within recent years, and their cause is still a sub- 
ject of speculation among seismologists and geologists. 

With the improvement of seismographs and the wide distribution of 
stations, seismology has begun to furnish important information about 
the inaccessible interior of the Earth. This aspect of seismology is 
discussed in Chapter 18. 

Possibility o£ Predicting Earthquakes. Will the science of seis- 
mology be so perfected that eventually we shall be able to predict ac- 
curately the occurrence of earthquakes in particular areas? This possi- 
bility has been suggested, but probably there will always be too many 
unknown and variable factors to permit this kind of forecasting with 
any certainty. The problem has been studied seriously for the vicinity 
of San Francisco, California. Surveys made during the last half of the 
nineteenth century, and repeated soon after the earthquake of 1906, 
suggest the rate at which the rocks near the fault yielded by bending, 
before elastic rebound on the fault brought relief (Fig. 266). Possibly 
strain by bending is once more building up, to be relieved by a future 
jarring displacement. Can the date of this event be fixed? 

Any hope of solving such a problem must depend on exact surveys, 
made at frequent intervals of time, to determine as accurately as pos- 
sible the rate at which points in the region of the fault are being shifted 
with the growing strain. Aside from the large expense of making such 
measurements, the problem involves many difficulties. Although we 
know the amount of displacement that occurred in 1906 along various 
parts of the fault, the few measurements made before that date give 
scant information about the exact positions occupied by critical points 
o\itside the fault zone before slipping took place; therefore we do not 
yet have any dependable standard by which to decide how much defor- 
mation of the region is necessary before slipping must occur. We do 
not know the form of the fault surface underground; if it is irregular, 
possibly the movement of 1906 caused changes that will make necessary 
either more or less stress to cause additional slipping. There is no 
assurance that the forces causing the deformation now act in exactly the 
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same direction, or with the same intensity as before 1906. Moreover, 
there are other active faults in the same general region, and possibly 
slipping along one or more of these will ease the strain near the San 
Andreas fault sufficiently to postpone movement on it for considerable 
time. 

After analyzing all the information available, one geologist sug- 
gested that another displacement along the San Andreas fault in cen- 
tral California may occur near the middle of the present century. How- 
ever, he emphasizes the elements of uncertainty, which may either 
double or cut in half the average time interval between successive 
movements. Even such a conditional forecast as this has value because, 
as he states, ‘‘The best protection against the danger of earthquakes is 
not the knowledge of the particular dates upon which they will occur, 
but the realization that they may occur at any time, and that founda- 
tions and structures should be built sufficiently strong to withstand 
their shocks.^’ 

In many other regions the problem of earthquake prediction is even 
more difficult than in California. The crustal movements responsible 
for the Tokyo earthquake of 1923 occurred chiefly under the sea, where 
no careful check by surveys is possible. Hope of forecasting shocks in 
such areas must depend on earthquake records over a long period of 
years, and perhaps on the recognition of minor warning tremors that 
may herald a major displacement on a fault. 

Pbecautions against Eaethquakes 

Man can not control the forces in the Earth’s crust, but within limits 
he can protect himself against their destructive effects. Collapse of 
numerous school buildings in southern California during the Long 
Beach earthquake of 1933 aroused a widespread demand for earth- 
quake-proof construction of public buildings in that region. Well-con- 
structed buildings with steel frames stood the test remarkably well in 
Tokyo and in San Francisco. Masonry walls wdthout reinforcement are 
badly damaged by severe shaking. Tough, resilient materials that re- 
cover from strain without breaking stand most successfully, and there- 
fore frame dwellings usually survive a severe earthquake with less 
damage than those made of brick or stone. It is important, however, 
to have all buildings as nearly fireproof as possible, since fires from 
broken electrical connections and from other sources are an incidental 
effect of every large earthquake. Commonly the water mains are 
broken when a severe shock affects a large city, and the uncontrolled 
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fires do vastly more damage than the earthquake itself. City engineers 
in seismic areas are giving special attention to safeguarding water 
systems. The problem is particularly difficult wherever it is necessary 
for the mains to cross active faults. 

Geologic Effects OF E.\ethquakes 

Although earthquakes are impressive in their display of power, they 
play a minor geologic role in comparison with running water and other 
agents whose work is continuous but as a rule not spectacular. One 
of the most conspicuous effects of earthquakes is the starting of land- 
slides in mountains or hilly regions. Several large slides of this kind 
were formed near Tokyo in 1923; and in 1920 the great earthquake in 
Kansu, China, set in motion enormous quantities of loess, which buried 
villages and caused important changes in surface drainage. Thus earth- 
quakes speed the process of mass-wasting (p. 60) . 

Earthquake waves cause alternate compression and tension in the 
rock or mantle through which they pass. The resulting disturbance 
causes changes in underground drainage ; some old springs stop flowing, 
others have their discharges increased, and new springs come into exist- 
ence. Tensional impulses of the earthquake waves open deep fissures in 
soil or other mantle, and the succeeding impulses of compression force 
large quantities of water to the surface at some localities. Commonly 
the flow is concentrated at favorable points along a fissure, with the 
result that rows of small craters are formed by the sand and silt brought 
up by the water. Saturated sand in layers far below the surface is 
forced up to fill crevices, and the resulting "sand dikes” remain as a 
record of the disturbance. Small dikes of sandstone cutting across 
shale in old sedimentary rocks may have been formed by ancient earth- 
quakes, although no doubt the pressure responsible for such features 
originates in various other ways also. 

The most important geologic changes at the time of an earthquake 
are the vertical or horizontal movements of crustal blocks; but it must 
be emphasized again that such movements arc the cause and not the 
effect of the shocks. 
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Andreas fault. Numerous excellent photographs and maps. 

11. The Japanese Eai’thquake of 1923; by Charles Davison. 124 pages. Thomas 
Murby and Co., London, 1931. 

Gives vivid descriptions of the earthquake, with a full scientific discussion. 

12. Great Earthquakes; by Charles Davison. 286 pages. Thomas Murby and 
Co., London, 1936. 

Detailed and highly interesting accounts of sixteen great earthquakes, ranging in dale 
from IfS-T to 1931. 


Chapter 17 


METAMORPHISM 

Metamorphism the Result of Adjustment to Environment. The 

Earth’s outer shell in many places is made up of remarkable rocks that 
are obviously neither sedimentary nor igneous. These rocks, known as 
metamorphic, comprise the third of the three major groups into which 
all rocks are divided. Metamorphic means transformed and tells us 
that the rocks so called have been made by the transformation of older, 
pre-existing rocks. This transformation has developed new structures, 
new textures, or new minerals, or all of these. The resulting meta- 
morphic rock may consequently have been so thoroughly made over 
and have become so changed in appearance that it would not be sus- 
pected to be an older rock in a new guise. In places, however, meta- 
morphic rocks grade by imperceptible stages into rocks known to be of 
sedimentary or igneous origin. Such gradations furnish the clue to 
understanding how the metamorphic rocks came to be. 

Among the surprising discoveries made by the microscope is the fact 
that many rocks are adjusted to their environment. The minerals that 
occur together in a given rock are more or less thoroughly adjusted to 
the environment in which the rock was formed. If they are in complete 
adjustment, they are in stable equilibrium under the conditions pre- 
vailing in that environment. Under changed conditions they cease to 
be stable. They therefore tend to adjust themselves to the new environ- 
ment, and new minerals are formed. 

Metamorphism accordingly is the result of the tendency of rocks to 
adjust themselves to their environment. The factors determining equi- 
librium between minerals in rocks are temperature, pressure, and com- 
position. Change in any one of these factors disturbs equilibrium; and 
to restore equilibrium internal changes take place in the rocks. Take 
for example a sedimentary rock. It was formed at the temperature and 
pressure prevailing at or near the Earth’s surface. If later it becomes 
involved in crustal folding, it may become deeply depressed in the crust, 
miles below the surface. During folding it was subjected to strong 
confining pressure and to powerful shearing stresses; and, 'when it 
reaches its final position deep in the crust, it is in a greatly different 
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environment, where temperature and pressure are far higher. Many 
of its constituent minerals are unstable under the changed conditions 
and react with others present to form new minerals that are stable 
under the new conditions. As a result a new rock is formed. 

Rocks in which the minerals are in equilibrium with one another are 
termed equilibrium rocks. Because silicate minerals react with one 
another extremely sluggishly, new equilibrium has not always been 
attained under the changed conditions. Such rocks in which equilib- 
rium is not complete are disequilibrium rocks. The disequilibrium 
rocks contain relicts of their former state and are therefore more inter- 
esting than the equilibrium rocks. Thus they give us evidence not only 
of what they were before metamorphism, but also of the direction in 
which they have been changed. 

Metamorphic rocks have been formed not only from sedimentary 
and igneous rocks, as long recognized, but also from older metamorphic 
rocks. 

Physical-Chemical Factors op Metamorphism 

Temperature. Temperature is one of the most powerful factors, if 
not the most powerful factor, in causing metamorphism. Rise of tem- 
perature speeds up chemical reactions; but the much more important 
result of rise of temperature is that some reactions take place at the 
higher temperatures that do not take place at lower temperatures. For 
every aggregate of minerals a critical temperature must be reached 
before chemical reaction can begin to take place between the minerals, 
and only then can new minerals begin to form. The theoretical ex- 
planation is that the atoms that make up the minerals must attain a 
certain amplitude of vibration before they can change places with 
others. This principle has been established experimentally in the 
laboratory and is of the highest importance in understanding meta- 
morphic phenomena. As a concrete example; one of the commonest 
metamorphic reactions is that in which white mica reacts with chlorite 
to form the new mineral biotite; but unless the mica and chlorite are 
subjected to a temperature that exceeds the critical temperature at 
which the amplitude of thermal vibration has become so large that re- 
action between the minerals begins, they will coexist side by side 
throughout geologic time. 

Temperature is also highly effective in increasing the plasticity of 
minerals, thereby increasing the deformability of the rocks in which 
they occur. 
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Pressure. Pressure is another important factor in metamorphism. 
Its effects differ greatly whether it is uniform (all-sided, or confining 
pressure) or is nonuniform. A uniform pressure is one in which the 
applied force acts equally on all sides of a body. A nonuniform pres- 
sure is one in which the applied force is greater or less in one direction 
than the forces applied in the other directions; as a result of this set-up 
there is a differential pressure. As a matter of fact, it is differential 
pressure developed at high confining pressure that produces most of the 
notable structures in inetamorphic rocks. Most of the effects ascribed 
to pressure in geology arc tlnjse produced by nonunifonn pressure. 



Modified fro7n G, M. Lees. 


Fig. 277. Salt “glacier,” Iran. The salt, wliich is being extruded from a plug that has 
pierced through an anticline to the surface, flows downhill, like a glacier of ice. 

The behavior of ice illustrates some of the functions of pressure in 
the processes of metamorphism. Ice under ordinary conditions is easily 
broken upon slight impact: it is a highly brittle solid. But ice confined 
in a steel jacket, which is fitted with a piston, can be made to flow 
through an orifice in the jacket by subjecting the piston to heavy pres- 
sure. The ice within the steel jacket, because it is under a high confin- 
ing pressure, has been caused to flow through the orifice by the differen- 
tial pressure. Ice thus confined and subjected to a differential pressure 
is no longer brittle but has become plastic, which means that it has be- 
come capable of continuous and permanent change of shape without 
breakage. The counterpart in nature of such plastic ice is the flowing 
ice beneath the carapace of brittle ice that envelopes the upper and 
outer portions of a glacier. Similarly rock salt, brittle at ordinary pres- 
sure, becomes plastic under high confining pressure and if subjected to 
differential pressure can be made to flow, as experimentally proved. 
This property of rock salt to flow plastically has been confirmed by the 
astounding discovery of salt “glaciers” in the rainless regions of Persia. 
Salt plugs (p. 521) have punched their way to the Earth’s surface, and, 
being still under pressure, the salt is squeezed out and flows away like 
a glacier (Fig. 277) . The longest of the salt glaciers is 2 miles long. 
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Limestone and marble also have been made to flow plastically in the 
laboratory, and Nature has forced them to do so in an immensely larger 
way, in the Earth’s crust. Brittle and plastic are relative terms, and 
probably all minerals and rocks if under strong enough confining pres- 
sure and if subjected to powerful differential pressure slowly applied, 
would flow by plastic deformation. The plastic deformability of min- 
erals is greatly increased by temperature, probably doubling for every 
10-degree rise in temperature. 

The forced flowage of minerals and rocks develops enormous shearing 
stress within them. As has long been indicated by the evidence from 
metamorphic rocks, such shearing stress is highly effective in causing 
mineral transformations. This remarkable effect of shearing stress has 
been experimentally proved by Bridgman. By subjecting substances to> 
high confining pressure and giving them a sudden twist, thereby devel- 
oping a shearing stress, he was able to cause a large number of chemical 
reactions, without rise of temperature. Shearing stress acted as a sort 
of catalyst, promoting reactions that would not otherwise have taken 
place. Although no geologic reactions were reproduced, it is highly 
probable that when experiments are undertaken on minerals at higher 
temperatures, or the shearing stress is developed more slowly, or both, 
they will succeed in forming new minerals. 

In many rocks the effect of forced flowage is to crush, mash, or 
pulverize the component minerals, as is so astoundingly shown in mylo- 
nites, described on page 423. In these rocks the minerals were unable to 
flow plastically, possibly because of insufficient confining pressure, too 
rapid application of the deforming forces, or too low temperature, or of 
inadequacy of all these factors. Rocks thus deformed are said to have 
been mechanically metamorphosed. 

Some rocks in which the metamorphism was chiefly mechanical nev- 
ertheless contain some newly formed minerals, such as white mica 
(sericite) , which can be seen under the microscope to have developed, 
probably as constructive effects of shearing stress. From such incipient 
stages, we can find a complete gradation to rocks that consist entirely 
of newly formed minerals. In the completely reorganized rocks all evi- 
dence of the deformation through which they went earlier has been 
obliterated. Transitions of the kind just mentioned support the idea 
that many if not most metamorphic rocks have resulted from shearing- 
stress developed by forced flowage. Since evidence of internal move- 
ment within the rocks can often be found, metamorphism of this kind 
is called kinetic metamorphism. As the operation of powerful forces is 
indicated, it is also called dynamic metamorphism, and because high 
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temperature doubtless cooperated in causing the thorough reconstitu- 
tion of the rocks it is also called dynamothermal metamorphism. 

If new minerals are being formed in a rock that is being meta- 
morphosed, high confining pressure favors the development of min- 
erals that contain the most matter in the least space; in other words, 
heavy or dense minerals. High confining pressure thus tends to favor 
the formation of space-saving minerals. Garnet is a notable example 
of such a space-saving mineral. Metamorphic rocks formed under 
great pressure are therefore characterized by their high specific gravity. 

Composition. Composition is the third factor in metamorphism. If 
the adjustment by metamorphism is complete, rocks of identical com- 
position, regardless of their original condition or origin, yield identical 
metamorphic products. For example, granite, rhyolite, and arkose, 
rocks that are identical in composition but are greatly different in 
appearance and origin, after thorough metamorphism become entirely 
similar. 

In some kinds of metamorphism as described on page 4.22, various 
chemical constituents added from outside sources change the original 
composition of the rock. 

Inasmuch as metamorphic rocks have been formed from igneous, 
sedimentary, and pre-existing metamorphic rocks, they show extraor- 
dinary diversity. 

Temperature, pressure, and composition are the three physical-cliem- 
ical factors that determine the nature of the resulting metamorphic 
rock. It is the geologist’s job to determine what geologic processes act- 
ing in the Earth’s crust have supplied the necessary temperature and 
pressure to produce metamorphism. 

Geologic Factors of Metamorphism 

Thermal Metamorphism. Transformation effected in rocks mainly 
by high temperature under static conditions is called thermal meta- 
morphism. The high temperature can be produced in two ways: by 
intrusion of igneous masses, and by deep burial in the Earth’s crust. 

Contact, or Igneous, Metamorphism. The rocks that border an in- 
trusive igneous mass have generally been notably changed from their 
normal condition at some distance from the igneous mass. They have 
been changed, or metamorphosed, chiefly by the high temperature to 
which they were subjected by the magma and the hot gases that issued 
from the magma when it solidified. The changes are of course greatest 
adjacent to the igneous mass and fade away outward from the contact; 
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hence metamorphism of this kind is termed contact ynetamorpkism. To 
signalize the agent that caused the metamorphism, the term igneous 
nietamorphism is often used. An obvious example of contact meta- 
morphism, probably the most impressive because coming more nearly 
within the ken of ordinary experience, is a coal bed that has been con- 
verted into a mass of coke by a sill injected parallel with the coal bed 
just above or below it. Beds of natural coke produced in this way are 
found in Colorado and in other regions where coal-bearing strata have 
been invaded by igneous bodies. 

As an illustration of metamorphic phenomena, contact metamor- 
phism is particularly enlightening. In its simpler manifestations we see 
the effect of one factor of metamorphism— temperature, uncomplicated 
by the effects of other factors. Moreover, we can often trace the tran- 
sition from the highly metamorphic product at the contact to the 
original unaltered rock distant from the contact. We can therefore 
ascertain which new minerals form at moderate temperatures and 
which at high temperatures, and thus we obtain a scale for measuring 
the intensity of metamorphism. 

Geothermal Metamorphism. Some rocks appear to have been meta- 
morphosed because they were at one time deeply buried, having be- 
come depressed in the crust under a heavy load of overlying rocks. The 
higher temperature brought about by the deep burial has caused new 
minerals and textures to develop, and the heavy pressure due to the 
load favored the production of heavy minerals, such as garnet, which 
is a space-conserving mineral. As the Earth’s own heat is the main 
factor here in transforming the rocks, the process is called geothermal 
metamorphism. 

The best-established example of metamorphism of this kind is fur- 
nished by the German potassium-salt deposits. These salts were laid 
clown in an evaporating arm of the sea in Permian time; they were of 
many kinds and of complex compositions, but they were stable under 
the conditions of moderate temperature that prevailed when the sea 
was evaporating. Later the basin in which they were deposited slowly 
subsided, and they became covered by 20,000 feet of sedimentary beds. 
The temperature of the deeply buried salt beds rose about 200°C. to 
the temperature determined by their depth in the crust. The original 
assemblage of salts was no longer in adjustment with its environment; 
consequently the mineral composition of the salts was rearranged, and 
many new minerals were formed. . 

Coal is another substance peculiarly sensitive to geothermal meta- 
morphism. Its metamorphic rank (p. 513) increases with depth; for 
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every hundred feet of depth its fixed carbon content, which serves to i 

measure its rank, increases about 0.6 per cent, though this figure differs 

somewhat in different coal districts. ' 

Silicate rocks are far less sensitive to geothermal metamorphism than 
coal and the minerals of the marine salt deposits. Nevertheless, certain ; 

formations are believed to have acquired their metamorphic state by i 

geothermal metamorphism. In places the bottoms of geosynclines have i 

become so deeply depressed in the crust by sedimentary loading and i 

subsequent crowding together of folded strata (p. 426) that the rocks r 

have been raised to high temperature and have become metamorphosed. 

Kinetic Metamorphism. Transformation effected by nonimiform 
pressure is called kinetic metamorphism. It may be, as already ex- 
plained, purely mechanical, causing the crushing of the constituent 
minerals of the rocks without being accompanied by the formation of 
new minerals. More generally, the rock deformation is accompanied 
by or followed by the growth of new minerals, culminating in complete 
reconstitution of the affected rock. • 

Injection Metamorphism. The changes effected in the rocks of a ' 

contact-metamorphic zone surrounding a batholith emplaced under 
mountain-building pressures are comprised in the term injection meta- 
morphism. 

CONTACT METAMORPHISM 

Every intrusive igneous body— dike, sill, volcanic neck, laccolith, 
stock, and batholith — ^is bordered by a zone of baked and hardened I 

rocks generally of considerable wddth. Extrusive rocks, such as lavas, 
however, are able at most to bake only slightly the soils or rocks over 
which they flow. 

The altered state of the rocks surrounding an intrusive igneous mass 
is the result of the growth of minerals that require high temperatures 
to form them. The zone of altered rocks is called the contact-ineta- 
morphic zone. The intensity of the changes diminishes and fades out 
at some distance from the contact with the intrusive mass; hence the 
zone thus altered is styled the contact-metamorphic aureole. Aureole, 
meaning “halo,” is an apt descriptive term in this connection. 

Dimensions of the Contact-Metamorphic Zone. The thickness of * 

the contact-metamorphic zone depends on several factors; on the size 
of the igneous mass, on how susceptible to metamorphism the rocks 
bordering the igneous mass are, and on other conditions. The thickest 
zones surround stocks and batholiths. They may be a mile or more 
thick but are generally much thinner. Adjacent to small intrusive 
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masses, such as thin dikes and sills, the zone ranges from a few inches 
to a few feet. , 

The width of the contact-metamorphic zone around an igneous mass 
may vary, for it is controlled by the form of the igneous mass and by 
the attitude of the surrounding rocks. Thus in Tig. 278, which shows 
an igneous mass (a stock) intrusive into a series of horizontal beds, 
the contact-metamorphic zone as exposed at the Earth’s surface is 





Fig. 278, Stock, intrusive into horizontal strata and partly bared by erosion. The 
width of the contact-metamorphic zone (stippled) as measm-ed on the Earth’s surface is 
seen to depend on the dip of the contact surface : the zone is widest at the right, where the 
dip of the contact surface is least steep. Scale is roughly 3 miles to the inch. 

narrowest on the side of the stock where the contact plunges steeply 
downward, and it is widest where the contact surface has the smallest 
inclination. The variable width of the contact-metamorphic zone on 
the Earth’s surface is thus purely a geometric effect, for the thickness 
of the zone, which is measured perpendicularly to the contact surface, 
is everywhere the same. On the other hand, the attitude of the beds 
that surround the intrusive mass — ^whether they dip toward it or away 
from it — affects the actual thickness of the aureole (Fig. 198, p. 290), 
because heat is transmitted more readily parallel to the beds than 
across them, both by conduction and by emanations traveling through 
them. 

Contact Metamorphism of Rocks of Different Kinds. The effect 
exerted by an igneous mass on the surrounding rocks depends greatly 
on the nature of those rocks. Pure sandstone is but slightly affected, 
though near the contact it is changed into quartzite — a compact rock 
so firmly cemented that it fractures across the grains, instead of around 
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them as in the unaltered sandstone. Shale, however, shows notable 
effects: it is greatly hardened, and near the contact is converted into 
a fine-grained rock known as hornfels, which to the unaided eye 
strongly resembles a black flint or a fine-grained igneous rock, such as 
basalt. Examined microscopically, the hornfels is found to be a mass 
of newly formed minerals. Some hornfelses are dotted with crystals 
of andalusite, a half inch or more in length, so that they resemble 
porphyries. To form the andalusite crystals there has been a notable 
accretion of certain atoms around centers of crystallization, and the 
growth of these crystals during metamorphism testifies to the remark- 
able migratory power imparted to the atoms by the rise in temperature. 

Pure limestone is strikingly changed through considerable distances 
from the contact. Dull, somber-colored aphanitic limestone is trans- 
formed to a sparkling snow-wdiite marble visibly crystalline to the 
unaided eye. The heat of the igneous mass has stimulated the minute 
calcite grains of the limestone to grow in size, has driven off the car- 
bonaceous pigment, and has thus produced a marble of dazzling white- 
ness. 

Limestones that contained sandy or clayey impurities show highly 
interesting changes. They too were turned into marbles, but these 
marbles carry in addition many newly formed minerals. The minerals 
w'ere formed by chemical reactions that took place between the im- 
purities and the calcite (calcium carbonate) of the limestone, reactions 
that can occur only at high temperatures. Thus wdien a limestone 
containing silica as an impurity is heated above 500 °C., carbon dioxide 
is driven off, just as in “burning” limestone, and the lime and silica 
unite to form the metamorphic mineral wollastonite, a calcium silicate. 
If the limestone contains also dolomite (calcium-magnesium carbonate) 
as an impurity, then pyroxene, which is a silicate containing magnesium 
in addition to calcium, is formed instead of wollastonite. 

The pyroxene thus produced occurs in the inner, hotter portion of 
the contact-metamorphic zone, whereas a mineral of somewhat similar 
composition but of different crystal form, a white amphibolc (tremo- 
lite), is formed in the outer, cooler portion of the zone. Consequently, 
these two minerals, pyroxene and amphibole, are useful as “geologic 
thermometers” for measuring the temperatures at which metamorphism 
is effected. The pyroxene, requiring for, its formation a higher tem- 
perature than the amphibole, is said to be a higher-rank metamorphic 
mineral than the amphibole. 

If the limestone contains Other impurities such as clay (which fur- 
nishes alumina and iron oxides), garnet and other new’' minerals are 
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formed. If the impurities are sufficiently abundant, the resulting prod- 
uct is an aphanitic white or cream-colored rock — a calcic hornfels. 

Coarse-grained igneous rocks, being the products of magmatic solidi- 
fication and having therefore been already at high temperatures, arc 
generally but little affected by later intrusions. A granite intrmled 
by a younger granite remains unaffected. However, volcanic rocks, 
such as basalts, if invaded by plutonic rocks, as has occurred in many 
regions, become drastically metamorphosed. The conditions under 
which volcanic rocks form differ so markedly from those under which 
plutonic rocks form that when volcanic rocks are invaded by plutonic 
rocks far-reaching changes are necessary to adjust them to the new 
environment created by the intrusion. 

The effects produced in a contact-metamorphie zone are as a rule 
due mainly to the heat given off by the igneous mass. The rocks that 
surround the igneous mass become highly heated, and new minerals 
grow in them by recombination of the elements already present. The 
resulting metamorphic rocks have therefore the same chemical compo- 
sition as the rocks from which they were derived. A marble, for ex- 
ample, has the same chemical composition as the limestone from which 
it was formed. Contact metamorphism of this kind, in which the rocks 
remain unchanged in chemical composition, is by far the most com- 
mon type of alteration caused by intrusive igneous masses. It produces 
a contact-metamorphic zone that encircles a stock or batholith as a 
continuous belt. As the zones may be a mile or more thick, large vol- 
umes of metamorphic rock are formed. Because contact metamorphism 
of this kind is widely prevalent, it is termed normal contact meta- 
morphism. 

Addition of New Substances to the Contact Zone. An igneous 
mass while solidifying may give off gases that carry iron, silicon, boron, 
and other elements. Changes that differ vastly from those brought 
about by normal contact metamorphism are then produced, especially 
in limestone, because limestone reacts readily with the hot gases trav- 
ersing it. Consequently, many new minerals are formed in the lime- 
stone, as a rule beautifully crystallized. The resulting contact-meta- 
morphic rock differs greatly in composition from the original limestone: 
it has had added to it a large amount of substances brought by the 
gases that streamed from the magma. These gases after their release 
from the magma generally travel by way of fissures through the sur- 
rounding rocks, and the effects they produce are localized along these 
channel ways. Consequently, metamorphism of this kind does not 
form a continuous aureole surrounding the stocks and batholiths, such 



METAMORPHISM 


423 


as is characteristic of normal contact metamorphism. As gases set free 
from the magma are the means by which the substances are transferred 
from the magma to the surrounding limestone and cause the reactions 
in the limestone, contact metamorphism of this kind is termed jmeu- 
matolytic (new-mat-o-lit'ik) . 

If the magmatic gases contain iron, copper, or tungsten in notable 
quantity, valuable ore deposits are formed in the limestones as by- 
products of metamorphism of this kind. For example, most of our 
domestic supply of the exceedingly valuable steel-alloy element tung- 
sten comes from contact-metamorphic deposits formed near granite 
contacts. In mining ore deposits that were formed in this way, an 
understanding of the laws of contact metamorphism is of prime im- 
portance. 

KINETIC METAMORPHISM 

Metamorphism has frequently accompanied deformation of the 
Earth’s crust. As a result of folding, slipping takes place between 
adjacent strata, and frictional drag develops. Under some circum- 
stances, this frictional drag, by producing intra-mineral and inter- 
mineral movement within the rocks affected causes metamorphism. 
The qualification ‘'under some circumstances” is necessary, because 
many strata have been acutely folded but were not thereby meta- 
morphosed. It takes more than folding to bring about metamorphism 
in folded strata. 

Rocks adjacent to certain great thrust faults, where the movement 
has not been concentrated along a single surface but wms distributed 
along many closely spaced parallel surfaces ( = zones of distributive 
movement) , have been greatly metamorphosed. Metamorphism of this 
kind is accompanied by tearing, stretching, and mashing of the original 
elements in the rock, so that, for example, the pebbles of a conglomer- 
ate are drawn out into long pencils. As these effects vividly suggest 
that enormously powerful forces have brought about the metainorphic 
changes, this metamorphism is called dynamic metamorpJmm. The 
term kinetic metamorphism is, however, preferred because it empha- 
sizes the fact that the rocks so metamorphosed show evidence of inter- 
nal movement. 

Mylonite. Where great slices of 'the crust have been shoved over 
the underlying rocks, as in the thrust faults described on page 465, the 
rocks near the fault surfaces are likely to show signs of great mechan- 
ical disturbance, with little or no accompanying formation of new 
minerals. Along some of the great thrust faults the rocks have been 
so damaged that their original characters are no longer recognizable. 
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The constituent minerals were mashed, pulverized, and dragged out; 
as a result a streaky or banded, compact, flinty rock is produced, 
termed mylonite (from the Greek mylon, a mill), expressive of the fact 
that a mylonitized rock has been through the metamorphic mill. The 
terms “mashing” and “pulverizing” call emphatic attention to the most 
striking feature of mylonitization, namely that an immense number of 
minute grains have been produced at the expense of the original grains 
in the rocks mylonitized. They are somewhat misleading, however, be- 
cause the mylonites have not lost their coherence or strength. 

Rocks ranging from those as weak as coal to those as strong as 
granite have been reduced to mylonites. In Fig. 279 is shown a zone 



Fig. 279. Zone of mylonite (2) formed by frictional drag as tlie result of thrusting of 
the granite mass (3) over the underlying rocks (1). 

of mylonite, formed along the base of an overthrust mass of granite 
and now exposed by erosion; at the time of thrusting and mylonitization 
the thickness of granite above the fault surface was doubtless much 
greater than it is now. If the transition from mylonite to undamaged 
granite were not traceable in the field, the origin of the mylonite would 
remain enigmatic, so completely does the mylonite differ from the 
granite from which it is derived. 

The nature of the resulting mylonite is of course influenced by the 
mineral composition of the original rock. If, for example, a granite 
containing considerable black mica is mylonitized, the mica will be 
smeared out into an immense number of infinitesimal flakelets, all in 
parallel arrangement, and the resulting rock resembles a black slate 
or a phyllite. Phyllite of mylonitic origin is termed phyllite-mylonite, 
or for short. 

A mylonite is the result of intense mechanical deformation: it is the 
finest example of a metamorphic rock formed by purely mechanical 
processes, uncomplicated by the growth of new minerals. However, 
there arc transitions from such purely mechanically deformed rocks 
to those in which some new minerals have developed, and finally to 
rocks in which all the minerals have been newly formed and all evi- 
dence of the milling through which the rock went has disappeared. 
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Such transitions support the current theory that many foliates are 
the results of kinetic metamorphism. 

Foliates. In addition to the rocks of contact-metamorphic origin, 
an immensely larger group of metamorphic rocks has been formed by 
rock movement generally but not always accompanied by mineral crys- 
tallization. Most distinctively, these rocks have a structure parallel 
to which they tend to split into flakes, leaves, or thin slabs. This struc- 
ture is the result chiefly of the parallel arrangement of platy or lamel- 
lar minerals developed during or after the rock movement. It is termed 
foliation (from folium, a leaf), and rocks that have this structure are 
foliates. 

The most abundant as well as the most effective foliation-producing 
minerals are the micas (muscovite and biotite) and chlorite. These 
minerals normally occur as thin plates and have a perfect cleavage 
parallel to the platy surface. Hence a rock that contains many plates 
of these easily cleavable minerals, all of which are in approximately 
parallel orientation, will readily split parallel to the planes in which 
they lie. 

A foliate in which the foliation is poorly defined is called a gneiss 
(nice). A foliate in w^hich the foliation is well defined and closely 
spaced is termed a schist (shist; from the Latin schistus, that which 
can be split) . No sharp boundary divides gneisses and schists, for a 
complete gradation between them exists in nature. 

A well-foliated rock in "which the minerals are so fine grained that 
they are no longer recognizable by the unaided eye is termed a phyllite. 
In slate, which is still finer grained than phyllite, the foliation caused 
by the parallel arrangement of innumerable minute flakes is so perfect 
that the rock can be split along closely spaced surfaces that are prac- 
tically smooth planes. 

Gneisses and schists are collectively known as crystalline schists, a 
holdover term from the time before the microscope was used to study 
rocks. It refers to the fact that gneisses and schists are made up of 
grains visibly crystalline to the unaided eye, in contrast to the phyllites 
and slates whose constitution was unknown. 

Foliates are widely distributed over the Earth, and in some large 
regions they are the only rocks exposed. All of the interior of Alaska, 
for example, is underlain by them. They are well shown in the inner 
gorge of the Grand Canyon of the Colorado, They occur also in the 
cores of many mountain ranges, where they have become exposed by 
deep erosion. 
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EEGIONAL METAMORPHISM 

Regions of metamorphic rocks, if of uniform metamorphic intensity 
or if the intensity changes gradually and systematically across the 
region, are said to show regional metamorphism. The term regional 
metamorphisin has the merit of being noncommittal, for it leaves open 
the question whether the temperature required to cause the metamor- 
phism is the result of igneous influences, such as deep-seated batholithic 
invasion of the crust, or was produced by geothermal temperature, or 
by unknown causes, 

A hypothesis now much in favor holds that regional metamorphism 
is one of the effects that accompanies the folding of a geosynclinal mass 
of sediments. As the result of the folding and crowding together of the 
strata during a mountain-making revolution, a heavy load, greater 
than the strength of the crust can endure, is placed upon a portion of 
the geosyncline, which therefore sinks in response to isostasy. The 
most heavily loaded portion sinks the deepest. This portion of the 
geosyncline thus becomes exposed to the heat of the deeper zones of 
the Earth’s crust. Metamorphism therefore sets in. Subsequently the 
fold mountains born of the geosyncline (p. 463) are attacked by ero- 
sion, and eventually the roots of the mountains are brought to the 
Earth’s surface in accordance with the principle of isostasy (p. 18) and 
become accessible to view. Gneisses and high-rank metamorphic rocks 
are seen to have developed in the highly folded, deeply subsided por- 
tion of the geosynclinc; laterally they grade gradually into mica 
schists, and still farther outward the schists grade into phyllites and 
slates. Thus the metamorphic tract shows a systematic arrangement 
in belts of differing metamorphic intensity, decreasing laterally out- 
ward from the central belt. 

The highly folded rocks in the deeply depressed portion of the geo- 
syncline have generally been invaded by great batholiths of granite. 
Differences of interpretation have therefore arisen as to how much of 
the mctamorphism was effected by the folding, by the Earth’s own 
heat at great depth, and by the heat of the batholithic magmas. The 
attack on these problems is part of the advancing front of geologic 
science.^ 

Common Varieties of Metamorphic Rocks 

Slate, Slate is a minutely grained foliate, whose most distinctive 
feature is its capacity to split or cleave into thin parallel sheets. This 
property, the well-known . cieawge, reaches its acme in roofing 
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slate, which can be split into extremely thin, smooth parallel sheets, 
down to one tenth of an inch in the most cleavable slate. Such re- 
markable cleaA^age is described as plane-parallel. 

Slate is a metamorphic rock of the lowest rank of metamorphism. 
Some indeed — clay slate — is shale on wdiicli merely a slaty cleavage 
has been impressed. Other slate— mica slate— not only lias acquired 



Fig. 2S0. Slaty cleavage cutting the bedding of folded bods. Refraction of cleavage is 
shown on entering a harder bed (sandstone, indicated by stippling). 

a slaty cleavage, but also has had its mineral composition reorganized 
by the growth of new minerals, most commonly white mica in ultra- 
fine scales. Thus mica slate represents a stage of jn-ogressive meta- 
morphism one step higher than that of clay slate. 

Slaty Cleavage. The cleavage of folded strata that have been con- 
verted into slate is parallel to the axial planes of the folds (Tigs. 280 
and 281) . As a result the cleavage cuts across the bedding of the slate 
in the arches and troughs of the folds and tends to be parallel to the 
bedding in the limbs of the folds. The closer the folds have been 
pressed together the more nearly the cleavage is parallel to the bedding 
in the limbs of the folds. 

The trend of the cleavage in a slate district maintains a constant- 
direction. Unless we use keen discrimination, we can easily mistake 
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slaty cleavage for bedding; and, if the cleavage is thus misinterpreted, 
the inferred geologic structure of the area in which the slate occurs will 
be in error. 


Arthur Keith, U. S. GeoloQical Survey. 


Fig. 281. Slaty cleavage cutting across the beds of an overturned syncline. Cleavage 
is parallel to the axial plane of the syncline, dipping 60° from left to right. Walland, 
Tennessee. 


The cause of the remarkable plane-parallel cleavage of slate is re- 
vealed by the microscope: it is a property determined by the fact that 
slates are largely built up of innumerable closely spaced minute flakes 
of micaceous minerals that are in parallel arrangement. These flakes, 
mainly white mica and chlorite, have an excellent cleavage parallel to 
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their flat surfaces; and the cleavage of the slate is therefore in essence 
a summation of the marked cleavage capacity of these innumerable 
parallel flakes. 

Why these minerals have this strict parallel orientation in slate is 
another problem, which has not yet been solved. Because most slate 
occurs in folded strata and the fossils it happened to contain are de- 
formed and flattened in the direction of the cleavage, directed pressure 
was clearly a factor in developing the cleavage. Shale is the rock 
most commonly transformed into slate. 

Phyllite. Phyllite is a foliate that is intermediate in metamorphic 
rank between slate and schist. That at the low-rank end of the se- 
quence resembles slate, but its constituent mica is coarser, which gives 
it a glossy, silky luster. The minerals sandwiched 'between the mica 
flakes are also somewhat larger than they are in slate, and because 
of this coarser grain si 25 e the foliation of a phyllite is slightly less closely 
spaced than in slate and approximates smooth planes less closely. 

Some phyllites contain sporadic prominent crystals, such as garnet. 
These minerals are sure indices of the higher metamorpliic rank of 
phyllites and clearly distinguish them from slates. Phyllite that is 
near the higher-rank end of the series between slate and schist resem- 
bles schist but is finer in texture. 

Schist. Schist is the most abundant member of the great group of 
metamorphic rocks called crystalline schists. It is visibly crystalline 
to the unaided eye. Its foliation is thinly spaced, but it has lost the 
plane-parallel character of the foliation of slate. The far greater grain 
size of the minerals that make up the schist causes the foliation sur- 
faces to be uneven and more or less wavy. Foliation of this kind is 
called schistosity. 

There are many varieties of schist. They are named according to 
their most distinctive constituent: thus we have mica schist, hornblende 
schist, and chlorite schist, to mention only the more prominent kinds. 

Mica schist is the most abundant kind of schist. Its essential min- 
erals are quartz and mica, and the numerous flakes of mica give the 
schist its highly characteristic foliated character. Different varieties 
of mica occur; the most abundant are silvery white muscovite, which 
gives the rock a brilliantly spangled appearance, and the black mica, 
biotite. The micas are irregular flakes, all arranged with their flat 
sides in parallel orientation. The cleavage planes of the micas are 
thus oriented in one plane, which is the plane of the schistosity. This 
parallel arrangement of the micas and their cleavage planes produces 
the well-defined foliation of mica schist. Some mica schists contain 
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P, J, Holmquiat, 

Pig, 282, Folded gneisses and intercalated layers of marble (brilliantly white). Near 
Stockholm, Sweden. 


largo prominent crystals of garnet, staurolite, and other minerals* which 
give the schists in which they have grown a texture simulating the 
porpliyritic texture of igneous rocks. 

Mica schist is a rock of high metamorphic rank. The original ma- 
terial from which most mica schists were derived was an argillaceous 
sedimentary rock — a shale of some kind — and the transformation of 


the dull, amorphous substance of the shale to a brilliantly spangled 
mica schist is in a way as remarkable as the metamorphosis of a 
chrysalis into a beautiful butterfly. 

Gneiss. Gneiss is an imperfectly foliated rock of granular appear- 
ance to the unaided eye. Much gneiss is streaky or banded, because 
it is made up of alternate layers of differing mineral composition. Some 
gneiss that was formed by the metamorphism of sedimentary rocks has 
inherited a remarkably even, regular banding or layering, as showm in 
Fig. 282. 

Gneiss is abundant and includes many varieties formed under very 
diverse conditions. 
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Some gneiss was formed under conditions of mechanical rnetamor- 
pliism in which its minerals were mashed or otherwise mechanically 
deformed. Figure 283 shows a gneiss derived from a granite by kinetic 
metamorphism that has not gone beyond the stage of mechanical de- 
formation, The granite was subjected to differential heavy pressure; 



Fig. 283. Granite gneiss, foi-mcd by mechanical nietamorphism. A.s result of forced 
flowage in the solid state a coarse foliation was impressed on the granite; large orthoclase 
crystals had their corners rubbed off and their shapes changed to ovoid and tadpole-like 
forms. 

the feldspars were partly crushed, the quartz was “pulverized,” and 
the biotite was shredded and dragged out into long streamers. The 
result is a granite gneiss of strongly marked characters: it is of streaky, 
banded appearance and has a rude, imperfect foliation. The ultimate 
result of more intense deformation of the kind to which this gneiss was 
subjected is a mylonite, as already described. 

Many gneisses, however, are high-rank metamorphic rocks. They 
are characterized by containing minerals, such as garnet and pyroxene, 
that were newly formed at high temperatures and pressures. 

Some granite gneisses are called 'primary gneisses, because they took 
on a foliation while they were still only partly solidified magmas. If 
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granite magma is forced to flow after the biotite has begun to crystal- 
lize from it, the flakes of biotite take on a uniform orientation. A 
■ batholith that became emplaced during crustal folding generally has 

,, a border of primary gneiss whose foliation faithfully follows all the 

: sinuosities of the contact, A primary gneiss formed in this way re- 

sembles a gneiss of metamorphic origin, but can be distinguished from 
.. . it by field and microscopic work. 

^ Quartzite. Quartzite is composed of quartz grains so firmly ce- 

mented that when the rock is broken it fractures through the grains, 
instead of around them. Originally the quartzite was a sandstone, but 
it has attained its present state (1) as the result of the filling of the 
pore space of the sandstone by quartz deposited from circulating ground 
j water, or (2) as the result of metamorphism. Quartzite formed by the 

deposition of a quartz cement is not regarded as a metamorphic rock, 
however. 

Quartzite of metamorphic origin is commonly interbedded with gneiss 
and mica schist. The original pore space in the sandstone was elimi- 
nated mainly by compaction and rearrangement of the quartz already 
present in the rock. Although quartzite thus formed is intimately inter- 
bedded with foliates and has therefore been subjected to the same 
metamorphic processes that developed the foliation in the inclosing 
rocks, it rarely shows foliation. 

Quartzite is generally a compact hard rock of light color-white, 
gray, reddish, or buff — and is commonly of vitreous appearance. Sucfi 
vitreous quartzite is the most durable and resistant of all rocks ; and 
wherever it occurs in notable thickness it has strongly influenced the 
development of the topography, forming hills or mountains because of 
its extraordinary resistance to weathering. 

Marble. Marble is the metamorphic equivalent of the sedimentary 
carbonate rocks, limestone and dolomite. During metamorphism the 
minute grains of which the limestone or dolomite is composed grow in 
size, with the result that the grains become large enough to be seen by 
the unaided eye. The resulting marble is harder and more compact 
through reduction of pore space, and it has purer colors. Some marbles 
take a good polish. Such visibly crystalline carbonate rocks are, in 
geologic usage, termed marbles. In commercial practice, however, any 
carbonate rock that will take a polish is called a marble and is given 
a trade name. 

Most marble is massive, showing no foliation even where it has been 
subjected to great pressure. As rocks go, marble is highly plastic and 
therefore flows under moderate differential pressure. If, for example. 
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a dike consisting of rock less plastic than marble is inclosed in marble 
that was forced to flow under differential pressure, the dike rock, being 
brittle, was ruptured and torn apart, and the marble flowed in between 
the dissevered fragments. Marble that has flowed thus in the solid 
state is an impressive feature in many regions of metamorphic rocks 
(Fig. 284). 


Fig. 284. Irregular dike-like intrusion of ■white- marble into sedimentary beds. Frag- 
ments of the dissevered beds are floating in the marble. Near Gouverneur, New York. 

Pure marble is white. The mottling, banding, and colors of orna- 
mental varieties are due to impurities: red and yellow tones to oxides 
of iron, grays and blacks to minor amounts of organic matter. Besides 
being produced by kinetic metamorphism, marble is also formed by 
contact metamorphism. 

Injection Mbtamorphism 

Extraordinary effects have been produced in the rocks along the bor- 
ders of granitic batholiths intrusive into foliates, especially in. the zones 
adjacent to batholiths that were emplaced under a heavy pressure 
which continued to be active during the cooling and solidification of 
the batholith. Under such conditions immense numbers of white gran- 
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ite sills are injected into the adjacent rocks parallel to the foliation of 
these rocks. The granite sills range in thickness from a fraction of an 
inch upward, and in places are so closely spaced that the resulting com- 
posite rock consists half of injected granitic material. The injected 
material, by its high temperature and its magmatic gases, produces 
powerful metamorphic effects on the layers of host rock between the 
sills. The resulting rock has a layered appearance and is called an 
injection gneiss. In places, injection gneisses are remarkably folded 
and tortuously convoluted, many of the folds being doubled back on 
themselves. Evidently the w^hole rock mass was in a highly mobile 
state when this folding took place, and the injection gneisses thus 
formed present to us the most astonishing, well-nigh unbelievable sight 
afforded by any of the rocks of the Earth’s crust. 

Injection gneisses were formed on an impressive scale during the 
emplacement of the Coast Range batholith of British Columbia and 
Alaska. The powerful metamorphic effects of this mighty batholith 
extend in places as much as 35 miles from its border. The gradual 
waning in metamorphic power outward from the batholith is shown 
in diagrammatic perfection in many of the fiords that comprise the 
waterways of that region. Adjacent to the batholith are injection 
gneisses, wdiich, as the distance from its border increases, grade into 
mica schist, then into phyllite, and finally into slate — ^the whole en- 
semble an imposing illustration of progressive metaniurphism. 

POLYMETAMORPHISM 

Rocks once metamorphosed may later be subjected to a second meta- 
morphism that differs from the first. In some regions, notably the 
Alps, the rocks, in fact, have undergone three or more metamorphisras. 
According to conditions, the new changes impressed on the rocks may 
either advance the metamorphic rank or they may reduce the rank. 
Such superposed, repeated metamorphisms produce polymetamorphic 
rocks. If the effects of the superposed metamorphism have not been 
too severe, index minerals of the earlier metamorphism— relicts — can 
be found even in rock that has been twice or three times metamor- 
phosed, and the successive chapters in its metamorphic history can be 
deciphered. 

A notable form of polymetamorphism is retrogressive metamor-ptiism , 
wdheh is important in interpreting, the structural history of many 
regions. f 
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Retrogressive Metamorphism. Metamorphic rocks, such as the 
series beginning with slate and comprising phyllite, mica schist, and 
garnet gneiss, represent stages in progressive metamorphism. All these 
rocks are of identical chemical composition, but they differ greatly in 
mineral composition and physical appearance. Each succeeding rock 
in the series is the product of higher-rank metamorphism than the one 
that precedes it, the rise in rank being chiefly the result of adjustment 
to conditions of progressively higher temperature. 

A rock adjusted to the condition of highest metamorphic intensity 
may at some later time, however, be shifted into a new geologic en- 
vironment, in which the conditions of stability are those of low^-rank 
metamorphic intensity. A garnet gneiss, for example, may be reduced 
to a phyllite along the base of a great overthrust block of the Earth’s 
crust. Outwardly the resulting phyllite resembles a phyllite formed 
by progressive metamorphism, but internally, as revealed by the micro- 
scope, it still retains evidence that it was formerly a high-rank rock. 
In short, the high-rank garnet gneiss has retrograded to the low-rank 
phyllite. By such retrogressive metamorphism many varieties of meta- 
morphio rocks have been formed from other metamorphic rocks. By 
this process the already astonishing diversity of metamorphic rocks 
has been greatly increased. 

The concept of retrogressive metamorphism was first formulated to 
account for certain metamorphic phenomena seen in the Alps. In gen- 
eral, high-rank metamorphic rocks are formed deep within the crust, 
whereas low-rank rocks are formed in the upper levels. In places in 
the Alps, however, high-rank rocks were found to ouerlfe low-rank 
rocks and apparently to grade downward into the underlying low-rank 
rocks. This anomaly was cleared up by finding that the high-rank 
rocks had been shoved over the underlying rocks along a great thrust 
fault. The high-rank rocks in the zone immediately above the fault 
surface had been transformed into low-rank rocks, so that outwardly 
they resemble the low-rank rocks below the fault surface. Thus the 
high-rank rocks seemed to grade downward into low-rank rocks, con- 
trary to the normal relationship. Mere unloading of a region by 
erosion does not cause the high-rank rocks to be reduced to lo'w-rank 
rocks. So far as' now known, the powerful trigger action of distributed 
movement induced in rocks being moved along a thrust zone deep in 
the crust is necessary to bring about retrogressive metamorphism. 

Many schists and phyllites in the Alps, the Appalachians, and else- 
where formerly thought to be of normal origin, that is, the results of 
progressive metamorphism, are in reality the products of retrogressive 
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metamorphism. This new concept, namely that high-rank nietamor- 
phic rocks can be reduced to a low-rank state if subjected to the con- 
ditions that develop low-rank rocks, is, as we can now see, a logical 
extension of the fundamental principle of metamorphism that rocks 
tend to adjust themselves to their environment. 
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Note Jor page In the cores of some mountain chains exposed by erosion, for 
example the nortliern portion of the Inyo Range, California, large volumes of rock 
resembling graiiiti* have been formed by replaeemeut of sedimentary rocks. This proc- 
ess wliereby rocks have been converted in the solid state by replacement into granitic- 
looking rocks is called granitimtlon. Vie-wed in the lai’ge, the rocks of the Inyo Range 
look like a bedded fornmtit>u, but on nearer inspection it is seen that they resemble 
granite, and that tlie bedded structure is an inheritance from their sedimentary origin, 
(rranitized rocks (.•oji.stidite a ■\vide aureole around an intrusive granite hathollth, wdiioh 
is the^rc'fore regarded as having been the source of emanations, gaseous or liquid, which 
brouglit in large quantities of material to transform the solid rocks into “granite” and 
couciirreiitly removed material not required. 

In mountain chains more deeply eroded than the Inyo Range, granitization is sup- 
posed by many luawent investigators to have transformed tlie rocks completely, regard- 
less of lh(*ir original comi»osition, into granite masses. Thus these investigators ac- 
count for tlie great granite batholiths so generally present in the cores of fold moun- 
tains (p. 471). The emanations that brought about tliese radical changes are sup- 
posed to have come “from below.” These remarkable ideas lU'ed more confirmatory 
evidence before they can be wholly accepted. 

In some regions injection gneiss (p. 434), resulting from reaction of the injected 
magma on the inclosing layers (or septa), lias become a new rock type called migmatite 
(from tlie Greek word for mi.xtiu'e). If the reaction has lieen intomse. the distinction 
lietween tile material that was injected and the intervening septa of older rock becomes 
blurred out, and tlie resulting rock resembles a homogeneous granite; mignuitization 
is said to grade into granitization. 


Chapter 18 


THE EARTH’S INTERIOR 

The materials and conditions that exist at great depths below the 
Earth’s surface can never be known by direct observation. Openings 
in the crust, such as mines and deep wells, are extremely superficial in 
comparison -with the 4000-mile radius of the globe. We infer that some 
of the rocks now exposed in the cores of old mountains were at depths of 
several miles before erosion laid them bare; but even so they were 
always a part of the “outer shell” If it were possible to make and 
maintain an opening to the center of the Earth, or to look clown with 
a sort of super X-ray, what would be revealed? Does the composition 
of material change radically with depth, so that a large part of the 
interior bears little or no resemblance to the superficial rocks? What 
is the temperature at various levels? Is any large part of the interior 
in a fluid condition? How do the materials at great depths behave 
under the enormous overburden? These are profound questions. They 
are not prompted by idle curiosity merely; they represent the goal of 
scientific investigations ’whose attainment might make clear many of 
the phenomena seen at the Earth’s surface. 

Whenever direct evidence is not available, science turns to the in- 
direct and circumstantial. It is possible, with aid of this sort, to draw 
certain inferences that are sound; but if we seek to advance farther into 
the unknown we must be content with hypothesis and speculation 
(Chap. 2) . Some suggestions can be accepted as probabilities, wdth the 
understanding that they may be found wanting after further investiga- 
tion. It is well, at the outset, to state clearly the actual basis of fact 
and to outline the methods for attacking the problem. In this way we 
shall avoid misconceptions and be able to evaluate each suggestion on 
its merits. 

Basic Data and Methods 

Size and Shape of the Earth. The science of geodesy , which is con- 
cerned with exact measurement and mapping of the Earth’s surface, has 
determined with precision the dimensions and the. form of the globe. 
This information, obtained by great labor through co-operation of 
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scientists in many countries, is of fundamental importance in problems 
relating to the Earth as a whole. It is known that the equatorial radius 
is 3963.4 miles (6378 kilometers) , whereas the radius ineasmed along 
the polar axis is only 3950 miles (6357 kilometers) . Since the differ- 
ence, 13.4 miles, is about ^97 of the equatorial radius, it is stated that 
the ellipticity of the Earth is ^20 7- This departure of the globe from 
the form of a true sphere is a response to rotation. Important infer- 
ences are drawn from this known distortion of the Earth, considered 
with relation to other facts. 

Gravity and Density. By precise physical experiments we deter- 
mine the constant of gravitation. The result gives a basis for calcu- 
lating the total weight of the Earth; and, since its size also is known, 
it is a simple matter to compute the average density. This value, ar- 
rived at by many experimenters, is 5.52; that is, an average sample of 
the Earth weighs about five and a half times as much as an equal 
volume of water. 

Direct determinations of density of all rocks known to occur at the 
Earth’s surface give an average value of 2.7. As this is less than half 
the density of the whole Earth, the interior must consist of much heav- 
ier material than the outer part. Other inferences are discussed in a 
later paragraph. 

Relation between Density and Form. In detail, the surface of the 
Earth is highly irregular. Continental masses stand well above deep- 
sea floors ; plateaus, mountains, and deep troughs make irregularities of 
smaller order (p. 5) . On a small globe made to true scale these sur- 
face features appear insignificant; but in actual dimensions some of 
them are large, and from a human viewpoint the irregularity is of the 
utmost importance since without it the sea would be worldwide. 

Theoretically the surface of the Earth would be level if the material 
below the surface W'ere uniform in character. In reality we know that 
the rocks exposed to observation differ considerably in composition 
and in density. Basalt and other dark-colored igneous rocks are 
notably heavier than granite. By geologic investigation and by highly 
technical instrumental determinations a strong probability has been 
established that the rocks underlying the deep sea are in general denser 
than those composing the continental masses (Chap. 2). Moreover it 
is concluded from careful geodetic study that the great mountain ranges 
of the Earth arc composed of and underlain by material that is slightly 
deficient in density compared with the crust as a whole. These facts 
suggest that the larger surface irregularities are not haphazard, but 
have a fundamental cause; that large differences in surface elevation 
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are directly related to differences in the density of the underlying rocks. 
Important inferences based on this relationship are discussed in Chap- 
ter 2. 

Behavior toward the Moon and the Sun. The Moon and the Sun 
exert a constant pull on the Earth, and yielding of the sea water to this 
pull gives rise to the tides. By careful and ingenious experiments it has 
been determined that the body of the Earth also responds to the tidal 
force, but the yielding is very minute — about what would be expected 
if the Earth were composed of the strongest steel. 

Another effect is produced by solar and lunar attraction on the equa- 
torial bulge of the Earth, causing the globe to wabble slowly as it 
spins. Consequently the north pole of the heavens shifts slowly from 
year to year. This effect, called precession, is known precisely, and the 
forces involved can be calculated closely. The use of this information 
is discussed below. 

Response of the Earth to Seismic Waves. The most reliable in- 
formation about the Earth’s interior is furnished by study of earth- 
quake waves ,(p. 407). Vibrations that are transmitted through the 
body of the Earth and recorded by seismographs at varying distances 
from an earthquake focus reveal the elastic properties at different 
depths. This is a most promising field of study, and undoubtedly many 
important revelations wall be made through continued researches in 
seismology. At present the most significant facts resulting from the 
study are the following: 

(1) The long waves, which move around the Earth in the rocks di- 
rectly beneath the surface (p. 407) , travel at a higher speed through the 
deep-sea floors than through the continental masses. For example, a 
seismographic record received in Japan of an earthquake in California 
shows a higher speed for the long waves than a record of the same shock 
received in New York. We conclude that granite, the predominant 
kind of rock in the continental masses, does not form the deep-sea 
floors. This conclusion is also reached independently from geologic 
evidence, which suggests strongly that basalt and similar dark, heavy 
rocks predominate under the deep seas (p. 14) . 

(2) Both the primary and the seGondary waves traveling through the 
Earth (p. 407) increase in speed with increasing depth of the path, down 
to a depth of about 1800 miles (2900 kilometers). Thus, in Fig. 285, 
the primary and secondary waves that reach station c travel more 

1 The same kind of evidence suggests that the floors of the Atlantic and Pacific 

oceans differ somewhat from each other in composition. 
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rapidly than those received at b, which in turn move at a higher average 
speed than those that emerge at a. The rate of increase is shown in the 
following partial table. 

Distance of Eeceiving Velocity, in Miles per Second 

Station from Earthquake r ' > 

Focus, in Degrees Primary Wave Secondary Wave 


30" 

(a. 

Fig. 285) 

5.4 

3.0 

60“ 

(b, 

Fig. 285) 

6.8 

3.7 

90" 

' (c, 

Fig. 285) 

7.9 

4,3 


An important cause of the higher wave velocities at greater depth is 
compression by gravity, which increases the rigidity and consequently 



Fig. 2S5. Section through the Earth, to illustrate behavior of earthquake waves, 
originating beneath o. Stations between o and d, and between o and d', receive a com- 
plete record. At stations beyond d and d' (as c, /, e', /') , record of the secondary wave is 
missing or at best very faint. Tire i>rinmry wave is refracted in its passage to these sta- 
1 ions, as shown (one, olf, ome', okf) ; as a result, a zone beyond d and another beyond </' 
(d/ and d'f) receive no record of any through-waves. Long waves, moving around tlie 
circumference in both directions from o, reach all stations. 

the elasticity of the material. It is highly significant that the sec- 
ondary, or transverse, waves are transmitted freely. AVaves of this 
nature move only through rigid substances. Therefore modern seis- 
mology has disproved the old concept that below a comparatively thin 
crust the body of the Earth consists of hot liquid. 

Tlie statement that the velocities of primary and secondary waves 
increase continuously downward requires one important modification, 
on the basis of a recent discovery by seismologists. At a depth of about 
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50 miles (80 kilometers) below the Earth's surface the velocities of 
these waves fall off noticeably, and the slower rates of travel hold to a 
depth of nearly 100 miles (150 kilometers), where the increase in 
velocities is resumed. Thus a zone about 45 miles (70 kilometers) 
thick, with its upper limit 50 miles beneath us, has distinctive proper- 
ties. Possibly the rock in this zone is near the melting temperature, 
under the pressures at that depth, and as a result the elastic properties 
of the rock are affected. If this is the correct explanation, the zone may 
be of great importance in the mechanism for maintaining isostatic 
equilibrium of the crust (p. 18) and in connection with igneous activity. 

(3) Below a depth of about 1800 miles (2900 kilometers) the be- 
havior of the elastic waves changes abruptly; the speed of the primary 
wave drops from 8 miles to about 5 miles per second, and the secondary 
wave either disappears or becomes very faint. Furthermore the pri- 
mary wave penetrating to greater depth is refracted or bent,' just as a 
ray of light is bent in passing from air into water (Fig. 285) . As evi- 
dence of these changes in the seismic waves, stations located farther 
than 104 degrees from the epicenter of an earthquake get at best only 
a very weak record of secondary vibrations; and in a belt of consider- 
able width directly beyond the 104-degree limit the primary wave is 
lost, owing to refraction (Fig. 285) ; this belt is known to seismologists 
as the “shadow zone,” It is evident, therefore, that the Earth has a 
core, with a radius of more than 2100 miles (3400 kilometers) which 
differs radically in chemical composition or in physical condition, or in 
both respects, from the thick shell that surrounds it. 

(4) There is strong evidence also that the thick shell itself is divided 
into two major parts. Although the velocity of the waves continues 
to increase down to 1800 miles, at a depth of about 600 miles (1000 
kilometers) the rate of increase abruptly falls off. It is probable, there- 
fore, that the kind of material below the 600-mile level is different from 
that above. 

(5) The central core and the change at a depth of 600 miles are de- 
tected by records of earthquakes at a great distance. “Near earth- 
quakes” — that is, shocks that occur within a few hundred miles of a 
recording station — furnish important information about the shallow 
zones of the earth. In addition to the ordinary primary and secondary 
tremors, the record of a near earthquake usually shows an additional 
set of preliminary waves that have been refracted from a deeper zone of 
higher density (Fig. 286) . In this evidence there is a definite indication 
that the rocks with which we are familiar at the surface form a com- 
paratively thin layer, resting on rock of a distinctly heavier type. Ac- 
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cording to some calculations this layer is less than 10 miles thick; but 
values that have been obtained range up to 35 or 40 miles. These fig- 
ures are not necessarily contradictory, since the layer probably varies 
considerably in thickness from place to piace.^ 

Temperatures in the Earth. Volcanoes and hot springs indicate 
high temperatures at depth locally, and direct measurements in deep 
mines and wells suggest a universal increase in temperature downward. 
The rate of this increase varies between wide limits. In some places it 
is as high as 1°F. in 30 feet; in other places, as in the deep gold mines 



Fig. 286. Explanation of the evidence indicating an outer shell (il) re.sting on a zone 
of denser rock (B). Waves radiating out from a shallow earthquake focus (/) follow the 
paths, 1, 2, .3, 4, 5, 6, etc., and reach recording stations. Station d receives the ordinary 
P and S waves over route 4, and also a second pair of preliminary tremors over route 5; 
this pair has been refracted down into a den,ser zone and refracted up again as shown. 

Records from several stations near d, some closer to /, and others farther away, give 
a basis for estimating the thickne.ss of the shell A. 

Vertical scale greatly exaggerated. 

of the Transvaal, South Africa, it is only 1°F. in 250 feet. The aver- 
age for all observations is about 1°F. in 60 feet. At a depth of slightly 
more than 16,000 feet in a well drilled for oil in California, the meas- 
ured temperature was 400“F. 

The determination in recent years that all known rocks contain ap- 
preciable amounts of the radioactive elements uranium and thorium 
is of great importance (p. 26) . It appears certain that these materials 
are not present in considerable quantities below a comparatively shal- 
low outer zone of the Earth. Radioactive substances break down at a 
constant rate, and the disintegration liberates heat. Since rocks con- 
duct heat away at an extremely slow rate, it can be calculated that the 
presence of uranium or thorium in minute traces, even at moderate 
depths, would result in permanent fusion. Granites contain higher 
percentages of radioactive substances than other known rocks, and 

1 Some records of near earthquakes suggest a second thin layer, of intermediate 
density. Possibly some of the calculations for thickness treat the two layers as 
one; but further evidence is required to establish the existence of the intermediate 
■■ layer. 
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hence it is argued that granites, which are the predominant rocks in the 
continental masses, are limited to shallow depth. 

Behavior of Rocks under Pressure. Since ordinary rocks are 
brittle, they fracture and crush under high pressures in the laboratory 
unless special precautions are taken. When a rock specimen is con- 
fined on all sides and subjected to strong compression, equal in all 
directions, its size decreases slightly; in other words rock is somewhat 



Fig. 237. Result of a laboratory test by D. T. Griggs. The cylinder, made of fine- 
grained limestone, initially had the dimensions shown at left. It was placed in a specially 
constructed press, and pressure up to 185,000 pounds per square inch was applied at the 
ends of the cylinder, whfie liquid around the sides of the test piece maintained a uniform 
confining pressure of 160,000 pounds per square inch. The cylinder was shortened and 
thickened by plastic flow, to the dimensions shown at right. Scale has 1-inch divisions. 

compressible. On release of the pressure the specimen tends to recover 
its original size, by elastic expansion. 

A limestone cylinder placed in a specially constructed hydraulic 
press, and subjected to pressure that is great on all sides but strongest 
at the ends, changes its form by growing shorter and thicker. Up to a 
certain value of pressure, known as the elastic limit of the rock for the 
given conditions, the specimen wilh regain its original dimensions when 
the pressure is removed. But if, when the elastic limit is reached, the 
pressure on the ends of the cylinder is increased and the experiment 
continued for some time, the shortening and thickening become perma- 
nent (Fig. 287) . Testing and microscopic examination of the deformed 
cylinder reveals no loss of strength and no fracturing ; under the unbal- 
anced pressure the rock has jiowed slowly. Weak materials such as 
beeswax can be molded easily with the hand ; these are known as plastic 
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substances. Strong rock also is plastic under sufficiently intense con- 
fining pressure. 

Since rocks deep in the Earth are confined under high pressure, there 
is little doubt that under certain conditions these rocks are deformed by 
plastic flow. The depth necessary for this kind of deformation should 
be greater for strong rocks like granite than for weak rocks such as 
mudstone. For any kind of rock the ease of plastic flow increases with 
rising temperature; thus the effect of heat is to lower the strength of 
rocks (p. 414) . 

Inference and Hypothesis 

Constitution o£ the Earth. The outer part of the Earth consists of 
material much lighter than the average of the Earth as a whole (p. 
438) . Based on this fact alone, however, several assumptions might be 
made as to the arrangement of light and heavy substances between the 
surface and the center. For example, one theory might be that light 
rocks, like granite, form a shell a few miles or tens of miles thick, and 
tliat below this shell the Earth is composed of heavy substance with a 
uniform density of approximately 6. Again it might be assumed that 
from the outer zone of low density there is a gradual and progressive 
increase to a density of 9 or 10 at the center. By either of these ar- 
rangements the average density of 5.52 could result. Besides these two 
suggestions a number of other assumptions as to distribution of density 
might be made, all of them consistent with the known average density. 

Fortunately there are other checks to guide us in attacking the prob- 
lem. Any assumed distribution of the density must harmonize with the 
mathematical and mechanical knowledge to which reference has been 
made above (pp. 437-444) and also with the evidence from seismol- 
ogy. The small degree of flattening at the poles of the Earth suggests 
convincingly that a large percentage of the mass is concentrated in the 
central portion; it is calculated that if the outer part had nearly the 
average density, 5.52, the centrifugal force would produce an ellipticity 
much greater than %<) 7 . Moreover, if the density were uniformly dis- 
tributed the equatorial bulge would contain so much mass that the pre- 
cessional effect, from solar and lunar attraction, would be much larger 
than it is. These considerations therefore favor the inference that 
density increases slowly downward in the Earth, and that the central 
core is composed of exceptionally heavy material. 

Once this point is reached in the inquiry, another problem presents 
itself. Is the increase in density toward the center of the Earth due 
wffiolly to compression under enormous weight, or is there a concentra- 
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tion, toward the center, of metals that normally are heavy? Some stu- 
dents of the problem have argued that compression of ordinary rock 
material is a sufficient explanation. At a depth of 1 mile each square 
foot of rock bears a weight of 450 tons; and with each additional mile 
the pressure is increased by more than this amount, as the material 
grows progressively denser. Near the center, pressures amount to more 
than 2 million tons per square foot. Without question such intense 
pressure has an effect in compressing the material. Since pressures that 
are possible in laboratory experiments do not approach pressures that 
obtain near the center of the Earth, we can not state positively how 
much compression can result. However, from various lines of evidence 
and reasoning it appears unlikely that ordinary rocks can be Com- 
pressed sufficiently to give the high average density that the Earth 
possesses. Especially significant is the abrupt drop, at a depth of 600 
miles, in the rate at ■which the speed of earthquake waves increases 
downward (p. 441). If the entire Earth were made of ordinary rock, 
the speed of transmission of such waves should increase with depth at 
a nearly uniform rate, as long as the material remains rigid. Seismic 
waves testify that the Earth is rigid to a depth of at least 1800 miles, 
and therefore the material between the 600- and 1800-mile levels can 
not be ordinary rock. Hence it is logical to infer also that the more 
pronounced break indicated by seismic evidence at a depth of 1800 
miles represents an abrupt change in composition. Therefore most 
scientists favor the view that the core of the Earth is metallic. 

Which of the metals is most likely to exist in such abundance in the 
Earth ? The most satisfactory answer to this question comes from con- 
sideration of the material that reaches us from outer space. The ma- 
jority of known meteorites are composed of iron and nickel, and the 
others consist of dark-colored, heavy rock. Accordingly it is commonly 
inferred that the central core, more than 2100 miles in radius and there- 
fore occupying more than % the volume of the Earth, is composed 
chiefly of nickel-iron with an average density of about 8, probably 
made even higher under the compression to which the core is subject 
(Fig. 288). 

Emphasis has been placed on meteorites as samples of cosmic ma- 
terial and probably representative of our planet. The thoughtful 
student will sense an apparent discrepancy in the fact that the majority 
of known meteorites are metallic, whereas metals do not appear to 
dominate the composition of the Earth. Astronomers have learned, 
however, from spectroscopic study of meteors as they flame in the sky, 
that a preponderance of this foreign material coming into our atmos- 
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phere consists of common elements contained in our dark igneous 
rocks. Actually, therefore, stony material in these bodies is more 
abundant than metals. Metallic meteorites found at the Earth’s sur- 
face are in the majority because they are more distinctive than stony 
meteorites, which resemble some of our mundane rocks. Moreover the 
minerals in stony meteorites decompose rather easily, whereas the 
nickel-iron bodies are more resistant to weathering. Thus there is no 
real discrepancy between the supposed composition of the Earth and 
the average composition of meteorites. 



FiO. 288. The principal zones of the Earth and their inferred composition. Thickness 
of the outer shell is shown to exaggerated scale. 

The sum of evidence indicates convincingly that the Earth has a 
‘‘density stratification,” with the heaviest material near the center and 
the lightest near the surface. This arrangement is one of the strongest 
reasons for believing that the Earth passed through a molten stage in 
the early part of its history. During this stage, gravity caused most of 
the heavy metal to settle toward the center, and progressively lighter 
substances formed spherical shells between the core and the surface. A 
useful analogy is furnished by a smelter furnace in which metals are 
extracted from ore. When a large mass of ore is smelted the metal 
settles to the bottom of the container; directly above is a layer of 
sulphides and oxides which, although they are heavy, are distinctly 
lighter than the metal; and at the top is slag made of the molten rock. 
By reasoning from analogy, it is inferred that the shell, 1200 miles 
thick, extending downward from a depth of 600 miles to the metallic 
core, is composed of sulphides and oxides with an average density of 
5.6 (Eig. 288) . This inference finds support in the presence of sulphides 
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and oxides as common constituents of meteorites, and it explains satis- 
factorily the decline in the rate of increase of seismic-wave velocities 
below the 600-mile level. ■ 

The seismologic evidence suggests that rock extends continuously 
from the surface to a depth of 600 miles. Probably the greater part of 
this thick shell consists of dark-colored rock of a type rarely seen at the 
surface; its density is 4 or slightly less. Above this zone is a layer, a 
few tens of miles thick, composed of the familiar rock types; gabbro 
at the bottom of the shell grades upward through diorite into the granite 
that forms the continental masses. 

Figure 288 shows diagrammatically this inferred constitution of the 
Earth. Probably the shells grade into each other and so are not de- 
limited as sharply as the drawing suggests. It should be kept in mind 
that the entire concept is a hypothesis, no part of which is subject to 
direct proof at present ; it is merely an attempt to give a picture that 
is consistent with all known facts. However, the array of facts is 
becoming formidable, and. therefore the hypothesis is infinitely more 
valuable than the uncontrolled guesses of the last century. 

Temperatures at Depth. The average change in temperature in the 
Earth for a given unit distance is known as the geothermal gradient. 
If the gradient determined in mines and boreholes should continue 
downward unchanged, the temperature at the center would exceed 
350,000°F,; but for several reasons the average rate of change in the 
shallow zone can not be used with confidence for great depths. The 
length of the deepest opening used in estimating the gradient is about 
%300 the Earth’s radius; and the value obtained for this thin skin 
can not be accepted with any confidence for the whole body. Pocks 
such as granite are extremely poor conductors of heat. Therefore if the 
temperature at a depth of several miles should be high, say 1000°C., 
heat wmuld flow out very slowly, and the change in temperature for 
each 100 feet would be considerable. It is altogether likely that the 
heat conductivity improves wdth depth, both because compression of 
the rocks increases and because metallic substances, which are notably 
good conductors, probably grow more important in the deeper zones. 
Therefore the gradient in the shallow zone probably is much larger than 
for any other part of the globe and can not be used to calculate the 
temperatures at great depth. 

It is probable also that much of the heat conducted to the Earth’s 
surface and lost by radiation does not come from great depth, but is 
generated in a shallow zone. The distribution in all knowm rocks of 
uranium and other radioactive elements has been mentioned (p. 26). 
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These elements disintegrate slowly but continuously, with evolution of 
heat. The possible significance of this process in connection with ig- 
neous activity has been discussed (Chap. 14) . 

Whatever may be the true value for the average temperature gra- 
dient, many lines of evidence suggest that temperatures in the interior 
are high. Probably they are above the melting points for the materials 
under surface conditions; but, since the earthquake waves testify that 
no considerable part of the globe is molten in the outer 1800 miles of 
its radius, it is certain that heat is not great enough in this portion to 
cause general liquefaction under the great pressures that prevail. 
However, at depths of a few tens of miles the temperatures may be so 
high that the rocks have very little strength. Even though high pres- 
sures maintain the rigidity that is indicated by fast-moAung earthquake 
waves, rock that is “potentially liquid” from high temperature would 
flow under long-continued stresses. This concept is of great importance 
in considering the adjustments of the crust under heavy loads (pp. 
17-^19). 

There are still differences of opinion concerning the physical con- 
dition of the central core. Thus far no undoubted record of secondary 
weaves has been detected at stations situated more than 104 degrees 
from an earthquake focus (that is, at stations beyond d and d', Fig. 
285); this evidence from seismograms suggests a fluid central core, 
since the transverse elastic waves are transmitted only through rigid 
material. Many seismologists accept the evidence as conclusive, and 
speak confidently of a fluid core, more than 4000 miles in diameter. 
However, other students have suggested that the secondary waves, 
which arc of longer period than the primary, are almost totally reflected 
within the central core and so are almost or entirely missing in records 
at the antipodes. In any case, a positive determination that the central 
core is or is not rigid must await further study. 

Relation to Surface Features. The nature and behavior of ma- 
terials inside the Earth concern us chiefly in connection with our search 
for the explanation of major phenomena at the Eartli's surface. In 
particular, the great folds and faults that characterize mountain belts 
appear to reflect activities in the invisible interior of the Earth. Re- 
peatedly in geologic history the Earth’s crust has been buckled and 
riven by mountain-making forces, and the deformed rocks have been 
forced up in the building of mighty chains such as the Alps, the 
Himalayas, and the Andes. What is the origin of these forces, and how 
have they acted in fashioning the great relief features of the globe? 
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Any attempt to answer these difficult questions must start with con- 
sideration of the evidence furnished by the mountain belts themselves. 
This evidence is discussed in Chapter 19. 
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Chapter 19 


THE ORIGIN AND HISTORY OF MOUNTAINS 

Mountains are of great importance in geology, since they furnish a 
large part of the information on which the science is based. Dynamic 
processes, such as stream erosion and glaciation, are especially vigorous, 
and their effects are strikingly evident, in high ranges. The elevation 
of rock masses to great heights has resulted in dissection to unusual 
depths; consequently a mountain region affords excellent opportunity 
for descriptive study of rock formations and for deciphering the history 
they record. But although mountains give aid in solving many prob- 
lems relating to the Earth, they also present mysteries in themselves. 
Why have sea floors of remote periods become the lofty highlands of 
today? AVhat generates the enormous forces that bend, break, and 
mash the rocks in mountain zones? These and other questions on 
mountain genesis still await satisfactory answers ; but the architectural 
features of great ranges at least offer hints as to their origin and are in 
themselves fascinating subjects of study. 

Mountain Units 

An isolated high land mass that rises above comparatively low sur- 
roundings is described simply as a mountain. Examples are Stone 
Mountain in Georgia, Mount Monadnock in New Hampshire, and 
Mount Etna in Sicily. No arbitrary lower limit is set to the height of 
features that are called mountains; in a low plains country the term is 
applied by the inhabitants to steep hills only 300 or 400 feet high, 
whereas in the Rocky Mountain region and in other rugged districts 
some relief features 2000 feet or more in height are known locally as 
hills or buttes. Thus there is some vagueness in the definition ; but an 
essential characteristic of mountains, aside from great height, is com- 
paratively limited width at the top. Near the mouth of the Grand 
Canyon, in northwTstern Arizona, an observer looking eastward faces 
a steep, rugged escarpment 4000 feet high (Fig. 289). This precipitous 
rise in the land surface has a mountainous appearance, and it is some- 
times referred to locally as “the mountain.” However, if one climbs to 
450 
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the top of the steep escarpment he looks eastward for tens of miles 
across nearly level ground. Therefore the high escarpment is the edge 
of an extensive plateau and not a mountain front. 

Generally mountain masses do not stand alone but are parts of dis- 
tinct units that vary in size and plan, from irregular groups, like the 
La Sal Mountains of Utah and the Adirondack Mountains of northern 
New York, to the enormous belt that extends more or less regularly 
from the Pyrenees eastward across Europe and Asia to the East Indies. 
Descriptions of the larger units or their parts employ somewhat loosely 
the terms range, system, and chain. As it is desirable to use descriptive 
terms with a definite meaning, the usage proposed many years ago by 
J. D. Dana is followed here. 

A mountain range is either a single large, complex ridge or a series of 
clearly related ridges that make a fairly continuous and compact unit. 
Excellent types are the Sierra Nevada in eastern California (Fig. 289) 
and the Front Range of Colorado. A group of ranges that are similar 
in their general form, structure, and alignment, and presumably owe 
their origin to the same general causes, constitutes a mountain system. 



Fig. 289. Mountains and -plateaus of southwestern United States. The principal 
units at this latitude are, from east to west, the Southern Kocky Mountains, the 
Colorado Plateau, the Basin-and-'Kange province, the Sierra Nevada, and the 
Coast Ranges. Numerous details omitted to avoid obscuring of major units. 



452 


PHYSICAL GEOLOGY 


Thus the Basin Range system (Fig. 289) in Nevada and adjoining 
States consists of many distinct ranges that trend north or northwest 
and have similar structure and form. The Rocky Mountain system is 
a great assemblage of ranges, made at approximately the same time, 
extending from near the Mexican boundary northward through the 
United States and western Canada. The term mountain chain is used 
somewhat more loosely, to designate any elongate unit consisting of 
several ranges or groups, regardless of similarity in form or age rela- 
tionships. 

But a still more comprehensive term is needed to refer to a series of 
chains or systems that make a more or less unified belt of vast extent. 
For this purpose a Spanish word was borrowed by the famous traveler 
Humboldt. All the mountain units in western North America, from 
the eastern border of the Rocky Mountains to the Pacific coast, are 
knowni collectively as the North American Cordillera’^ (Fig. 289). 
Similarly the entire broad mountain belt that extends almost continu- 
ously from Alaska to Cape Horn is known as the kmenQ,m. cordilleras, 
Plowever, the same terra has not been adopted universally for the major 
mountain belts of the Earth. In the literature the great mountain unit 
of southern Europe and Asia is designated variously as the Mediter- 
ranean (or Eurasiatic) chams, zone, or belt of mountains* 

Origin of Mountains 

Mountains ow'e their origin to various causes, and differences in the 
structure and the plan of mountain units are due largely to this fact. 
The principal agents involved are volcanic activity, movements of the 
crust, and differential erosion. Commonly two or more processes com- 
bine to produce complex results. However, the discussion will be clari- 
fied by a classification that recognizes the dominant processes. 

VOLCANIC MOUNTAINS 

The most obvious process of mountain making is the accumulation of 
lavas and other volcanic products into heaps of mountainous size. 
Some of the loftiest peaks in the world, such as Chimborazo (20,517 
feet) and Aconcagua (23,393 feet) in the Andes, and Kilimanjaro 
(19,321 feet) in Africa, have been built directly by volcanic action. 
Many such peaks, however, have their bases on high plateaus, and 
therefore the actual height due to volcanism is much less than the alti- 

1 Pronounced either kor-dil-ya'ra or kor-dil'er-a. 



THE ORIGIN AND HISTORY OF MOUNTAINS 


453 


tucles above sealevel suggest. A large number of oceanic islands, like 
those of the Hawaiian group, are great volcanic piles, and some of them 
appear to be seated directly on the deep-sea floors (p. 304) . 

Some volcanic mountains, such as Vesuvius, are isolated cones rising 
above comparatively flat country. Other high cones occur in closely 
associated groups, like the San Francisco Mountains on the plateau 
south of the Grand Canyon in Arizona; elsewhere they are arranged in 
fairly regular rows, along great faults or other lines of weakness in 
the crust. Mountain masses formed directly by igneous extrusion are 
sometimes called ''mountains of accumulation.” In areas of wide- 
spread volcanism the volcanic materials build also extensive plateaus, 
such as the Absaroka Plateau east of Yellowstone Park and the great 
Columbia Plateau of Washington and Oregon. After a time stream 
erosion carves such plateaus into high ridges and peaks, which thus 
become mountain groups that are the joint product of accumulation and 
erosion. Erosion by streams or glaciers has modified the forms of all 
volcanic mountains, particularly those in which the volcanic activity 
has been for a long time' extinct. 

PL.\TBAU REMNANTS 

High plateaus are dissected by stream erosion, and during a late stage 
in the process some of the more favored residuals have sufficient height, 
in relation to their surroundings, to be called mountains. Many of the 
larger buttes in w^estern United States are examples. The Catskill 
Mountains in New^' York are remnants of a former extensive high 
plateau, the greater part of which has been removed by fluvial erosion. 
A clear indication of this old plateau is given by the nearly horizontal 
sedimentary formations of which the Catskills are made; the thick 
strata now^ end abruptly at the steep borders of the mountains, and 
obviously their original extent must have been much greater. An early 
stage in a similar development is to be seen in the Grand Canyon of 
the Colorado, 'wdiere great pyramidal erosion remnants rise from the 
depths of the chasm (Fig. 290). These masses are dwarfed by the high 
plateau surrounding them; but if they could be placed on a plain they 
wamld dominate the landscape. It is a logical expectation that the 
present youthful plateau eventually will be dissected thoroughly by the 
Colorado and its tributaries, and will then be represented only by scat- 
tered high residuals separated by plains and valleys. 

High plateau remnants are also called “mountains of erosion.” How- 
ever, large-scale differential erosion is made possible only by great up- 
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lift, and therefore residuals of mountainous size are the joint poduct of 
crustal movement and erosion. The forms and the distribution of the 
residuals are determined largely by the kinds and the structure of the 
rocks in the plateau. Horizontal sedimentary formations or homo- 
geneous igneous rocks are dissected by dendritic stream patterns, and 
remnants owe their preservation to chance location on divides or near 
'the headwaters of major streams. In some plateaus, however, the rocks 
are steeply tilted strata whose edges were cut down to a nearly uni- 
form level at a low elevation by previous erosion (Fig. 299). When 
such a peneplaned surface is warped up to form a plateau, the weak 
rocks, especially the shales and limestones, are attacked more effec- 
tively by weathering and streams than are the edges of resistant sand- 
stone strata, wdiich therefore are left standing in relief (Fig. 300) . This 
aspect of mountain history is discussed at more length on pages 
500-501. 

MOUNTAINS WHOSE STRUCTURE REFLECTS CRUSTAL MOVEMENTS 

Volcanic mountains and plateau remnants are important geologi- 
cally, since they form groups of considerable size in the world today 
and probably have had wide distribution during past geologic periods. 
However, in most of the dominating mountain units now in existence 


Fig. 290. Pare of f be Grand Canyon seen from Point Sublime, showing dissection 
of the -plateau into isolated remnants of mountainous size. The far rim of the 
Canyon is about 10 miles from the foreground, and tops of the two great pyramids 
are more than 4000 feet above the river. \ 
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the major relief has been determined either directly or indirectly by 
localized crustal movements that have caused more or less severe dis- 
turbance of the rocks. In some of the young mountain systems much 
of the local relief was caused directly by these movements; in belts of 
mountains which have experienced deep erosion and perhaps more than 
one regional upwarping, the original disturbance of the rocks is im- 
portant chiefly in guiding erosion. But even if much of the present 
mountain relief is due chiefly to differential erosion, any characteristic 
structure produced by crustal movement has large importance in classi- 



Fio. 291. Mountain ranges formed by simple normal faulting. The horsts form the 
ranges, the grabens the interment basins. 

fyihg mountain units. According to the nature of the movements, as 
indicated in the resulting structure and form, mountains of this general 
type are divided into four classes. (1) Faulting on a large scale results 
in relative uplift of crustal blocks, with or without tilting. Eanges 
whose structure is produced chiefly by this process are fault-hlock 
mountains. (2) Some vertical movements result in arching of the rocks 
into a general domal form, either nearly circular or somewhat elliptical 
in plan. Dome mountains result from this process. (3) More com- 
monly the forces deforming the crust produce large anticlines and syn- 
clines, giving rise to the structure of fold mountains. (4) In most of 
the great mountain belts wc see the combined effects of two or more 
types of movement, particularly folding and faulting, with complica- 
tions produced by igneous intrusion. The resulting mountains are of 
the complex type, but local sections may be classified according to the 
process that has played a dominant role. 

Excellent examples of each mountain type exist; but Nature is com- 
plex, and consequently various combinations of the different types are 
most common. The influence of erosion in varying degree is evident 
in all mountains, regardless of type. 


11 



Fig. 292. Front of a fault-block mountain range, south of Goodsprings, Nevada. 
The Union Pacific Railroad tracks (shown in foreground) are near the base of a 
slope built up of debris eroded from the range. A large fault is concealed near the 
top of this slope. The highest peak is about 3000 feet above the foreground. 


I Fault-Block Mountains 

■ ' ■ ' ' ' . ■ ' ' ■ ' . . ■ . ' ' 

Assume that a system of intersecting fractures, reaching to great 
depth, divides part of the Earth’s crust into blocks or masses of very 
large dimensions. Then conceivably mountains can be formed directly 
by movements of these blocks in several ways, (a) If the region is 
1 initially a liigh plateau, some of the blocks may be depressed several 

; thousand feet, leaving other blocks in their original elevated positions, 

■j to form mountain ranges, (b) Regardless of original altitudes, some 

of the blocks may be elevated to mountain heights, by forces acting 
largely in the vertical direction, leaving adjacent blocks relatively de- 
pressed. (c) All the blocks may move downward or upward, but dif- 
ferentially so that in the end some stand much higher than others. 
id) Each of several blocks may be tilted or rotated, one edge being 
elevated and the opposite edge depressed. Whatever the nature of the 
movement, ranges that are formed by faulting are termed fault-block 
mountains (Figs. 291, 292, 293). Movements on both normal and rc- 
;■ verse faults give rise to such mountains. 

Fault blocks as we actually, see them have been more or loss modified 
> by erosion. Debris worn from the high masses tends to bury those at 
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low elevations (Figs. 291, 292). In time this combination of erosion 
and deposition nearly or quite obliterates the mountain relief, espe- 
cially in a region of interior drainage where nearly all the debris is 
caught in basins between the mountains (p. 114) . At a later date, as a 
result of broad regional uplift accompanied by change of climate, or 
because of important changes in the drainage of adjoining regions, the 
waste may be removed from the original intermont troughs and the 
ranges given a new lease of life. Obviously such resurrected ranges are 



Modified from F. B. Matllm. 


Fio. 293. Pai't of the Sierra Nevada, Califoraia, looking northeast, showing the gen- 
eral form and structure. The east front is an eroded fault scarp; the gentle western slope 
follows the tilt of the uplifted block. Remnants of folded rocks engulfed in granite record 
ancient crustal movements and enormous igneous intru.sions, after which long-continued 
erosion formed a peneplane. In late geologic time the pre.sent range wa.s formed by tilting 
uplift along the gi’eat fault. Glaciation shaped the rugged peaks at the summit and 
enlarged the valleys on the western slope. 

Vertical scale considerably exaggerated. Broken lines suggest approximate form of 
block before dissection by erosion and burial under sediments in Great Valley. 

the direct result of differential erosion, and strictly they are plateau 
remnants. However, the original faulting was the chief factor in guid- 
ing erosion and continues to be reflected in the mountain forms. , 

The Sierra Nevada of California is a tilted crust-block 400 miles 
long, 40 to 60 miles wide (Figs. 289, 293). Its eastern edge has been 
uplifted 2 miles or more, to form an abrupt scarp facing eastward. 
Roads from the east ascend this precipitous front with difficulty; but 
west of the crest they descend on a long, gentle slope — ^the tilted upper 
surface of the block. In the Great Valley of California, sediments 
thousands of feet deep have accumulated on the depressed portion of 
the rotated mass. A great series of fault mountains in Nevada and 
imrts of neighboring States forms the Basin Range system (p. 452 ; Fig. 
289). The great dislocations responsible for these ranges and for the 
Sierra Nevada do not represent the first disturbance of the region. In 
earlier periods the thick sedimentary rocks in Nevada and eastern Cali- 
fornia were folded and thrust- faulted, and great igneous masses were 
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intruded into them. Mountains that existed soon after those ancient 
events have long since disappeared, and in late geologic time the old 
deformed crust was broken by great faults, to form the present genera- 
tion of mountains. Probably some of the ranges are still growing, for, 
within historic time, movements have occurred on several of the faults, 
giving rise to violent earthquakes. As a large part of the region has no 
drainage to the sea, the mountains are partly buried by accumulations 
of their own debris. 

Pault-block mountains in various stages of destruction are found in 
northern Africa, in Arabia, in central Asia, in Japan, and in many other 
parts of the world. The thick red sandstones of Connecticut and 
Massachusetts are broken by great faults, and the resulting blocks have 
a strong tilt eastward; but the mountains that probably were formed 
by these dislocations disappeared through erosion long ago. Similar 
structural relics of ancient fault-block mountains, representing various 
geologic periods, are widely distributed in all continents. 

Dome Mountains 

Mountains whose structure reflects crustal uplift of distinctly domal 
form may be classed together, regardless of size or the exact cause of the 
uplift. The simplest are laccolithic domes, made by the bowing up of 
strata aboA^e thick, lens-shaped intrusions of molten rock (p. 287) . Or- 
dinarily a dome of this kind that is high enough to be called a mountain 
has lost more or less of its original cover through erosion; and not un- 
commonly the resistant igneous mass, almost completely .denuded, 
stands within circular or elliptical ridges formed by the upturned edges 
of the more resistant strata (Fig. 196, p. 288) . There are several excel- 
lent examples in the vicinity of the Black Hills. The Henry Mountains 
of Utah, classic examples of the type, are a large group of laccoliths 
and related igneous bodies in various stages of dissection by erosion. 
But not all mountains of this kind have ideally simple structure. In the 
Moccasin Mountains of Montana the intruding magma ruptured the 
coA'ering strata and lifted them irregularly. 

Some cylindrical masses of igneous material (stocks, p. 292), rising 
vertically from great depths, have failed to reach the surface but at 
their upper limits have bent sedimentary beds strongly upward to form 
symmetrical domes. In early stages of dissection, mountains of this 
kind arc indistinguishable from laccolithic domes. When the cylindri- 
cal mass has been eroded to a lower level, however, it is seen that the 
mass cuts across the strata with which it is in contact. Some of the 
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larger igneous bodies in the Henry Mountains and in the Black Hills 
appear to have this fonn, although superficially they resemble lacco- 

Fold and Complex Mountains 

Mountains in which rocks are strongly folded and broken are com- 
monly described according to their internal structure, whether or not 
the deforming forces were the direct cause of present high altitudes. 


Geological Survey of Canada. 


Fig, 294. Mount Perdrix, Alberta. After the strata were folded, erosion removed 
vast quantities of rock, and a closely compressed syncline, originally a low part of the 
folded section, now appears in one of the high mountain ridges. 


Some old mountain units are strictly remnants of erosion; however, it 
is evident from their structure that a certain type of crustal deforma- 
tion attended their early development, and their structural character- 
istics are used as the basis of their classification. For example, the 
Appalachians of eastern North America and the Cape ranges of South 
Africa have had long and varied careers. The original highlands were 
eroded through long ages, and they almost or quite disappeared; and 
the present ridges have been brought into relief by differential erosion 
as the result of later upwarping of the areas containing the old moun- 
tain “roots.” In these and other mountain units, numerous synclincs, 
which originally were the lowest parts of the folded belt in which they 
occur, now are found in high peaks or ridges (Fig. 294) . It is well to 
keep these examples in mind throughout the discussion that follows. 
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Deformed rocks are characteristic of all great mountain zones, but it 
is not to be taken for granted that the deformation gave rise directly to 
the present mountain heights. Mountain structure and mountain ele- 
vation may not have any direct relation to each other. Nevertheless 
the structure continues as a dominant factor in determining relief be- 
cause it guides differential erosion. 

All the great mountain chains of the Earth include folded sedimen- 
tary rocks as a conspicuous part of their structure. These chains, there- 
fore, are sometimes classed together as fold mountains, although fault- 
ing, igneous intrusion, and other important processes besides simple 
folding have played some part in their origin. Actually every great 
system is more or less complex in its structure; but certain mountain 
units exhibit fairly regular folding of rock formations as an outstand- 
ing structural characteristic. The Jura Mountains in Switzerland and 
parts of the Appalachian Mountains are excellent examples. The 
Rocky Mountains and the Alps, both characterized by enormous thrust 
faults in addition to folds, are outstanding illustrations of complex 
units. However, many parts of the Appalachians also are complicated 
by thrust faulting; and, as there are all stages of gradation between the 
simpler sections of this chain and the almost incredible complexity of 
the Alps, it is clear that fold and complex mountains can not be sepa- 
rated as sharply contrasted structural types. 

General Character of Fold and Complex Mountains. From exami- 
nation of a globe or a world map it is apparent that each of the promi- 
nent mountain belts is composed of numerous ranges disposed somewhat 
irregularly, but in long stretches with the same general orientation. 
Some of the ranges are nearly straight in plan; but many are strongly 
curved into the form of great bows or arcs. The Alps, Carpathians, 
Himalayas, and other chains of Eurasia are striking examples of this 
arcuate type (Fig. 295) . 

An important part of the bedrock exposed in each of these mountain 
belts consists of distorted sedimentary formations. Most of these 
strata, now on the flanks or even on the highest summits of the ranges, 
represent deposits in former seas,, on deltas, and in swamps bordering 
the sea. Owing to the strong folding and faulting of these strata, fol- 
lowed by planation and dissection tlirough erosion, the full thickness of 
the sedimentary cover can be seen and measured. In some mountain 
belts these thicknesses are astonishing; 4, 5, or even 6 miles are by no 
means exceptional values, and in some mountain areas the total sedi- 
mentary sections exceed 40,000 feet. It will occur to some readers that 
similar thicknesses may be common also outside of mountain zones, but 
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are not known because not exposed by erosion. However, natural ex- 
posures, supplemented by w^ell records, indicate clearly that sedi- 
mentary formations grow conspicuously thinner away from a folded 
mountain belt. Thus the strata in the Appalachians average 20,000 
feet or more in thickness along the central axis of the folded tract, with 



Fig. 295. Map of Asia, with parts of Europe and northeastern Africa. Trends of the 
principal mountain chains of Asia and southern Europe shown by black lines. The 
arcuate form of many units is striking. The trends are generally parallel with the south 
and east coasts of Asia. Note the series of great marine basins receiving modern sedi- 
ments between the east coast and the island chains. 

a maximum tliickness near 40,000 feet; but at no great distance to the 
west the thickness is less than 10,000 feet, and in the Mississippi 
Valley it is only 4000 to 5000 feet (Fig. 297) . On the cast side of the 
Appalachians this series of sedimentary strata is not recognized, and it 
will be shown presently that the deposits never extended indefinitely 
eastward from their present limit. Therefore the excessively thick 
sedimentary sections occupy a long and relatively narrow belt that 
corresponds closely in trend to the axis of the chain. This general rela- 
tionship exists also in the Rockies, the Mediterranean chains, and other 
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great mountain belts. It is a logical conclusion that accumulation of 
stratified rocks in abnormal thicknesses had a significant connection 
with the development of each of these mountain units. Therefore these 
thick accumulations merit particular attention. 

Development of Geosynclines. Sedimentary strata in the great 
mountain belts consist of conglomerates and sandstones interbedded 



Fro. 296. Map showing general location of the Appalachian geosyncline and of the 
old land which furnished a large part of the sediments that were deposited in the sinking 
trough. Relations in New England uncertain. Dotted line shows inner margin of younger 
deposits that mantle the present Coastal Plain. 

with shales and limestones. Because they are thick deposits and con- 
tain coarse sediments, they must have been laid down near the margins 
of lands that underwent prolonged erosion. The great thickness of 
deposits may suggest that sedimentation began in an excessively deep 
basin. However, there is unquestionable evidence that most of the sedi- 
ments involved in mountain folds were laid down in shallow water or 
at only moderate depths. Accumulation of such deposits to a total 
thickness of several miles indicates that slow subsidence of the sea floor 
was continuous or recurrent while deposition was in progress. More- 
over, as enormous volumes of sediments were delivered into the sub- 
siding basin during long periods, a wasting land mass must have risen 
continuously or recurrently adjacent to the area of sedimentation. An 
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elongate subsiding tract of this nature, which receives thick deposits of 
sediments during subsidence, is known as a geosyncline (p. 370; Figs. 
296, 297) . A modern example on a large scale may be the great chain 
of shallow seas parallel to the east coast of Asia, into which the Hwang 
Ho arid other great rivers of the continent as well as shorter streams 
from the western slopes of the Japanese and other islands, are pouring 



Figs. 297-300. Four stages in the evolution of the present Appalachians. Views looking 
north. Each block about 200 miles long. Vertical scale exaggerated. 


Fig. 297. The geosyncline receiving sediments from a former land on the east, 
i Fig. 298. Folding and thrust faulting of the rocks in the geosyncline. The form and 

j height of the surface are entirely hypothetical; it is not known how much uplift resulted 

I directly from the folding or to what extent erosion kept pace with the uplift. After several 

1 geologic periods had elapsed the region was worn to a peneplane, indicated by the broken 

! line at P. 

Fig. 299. General appearance of the peneplaned Appalachian region near the dose of 
the Mesozoic era. The eastern part of the region was submerged and received a veneer of 
coastal-plain sediments; possibly this veneer covered much of the folded belt, and has 
f been removed by erosion. 

Fig. 300. During Cenozoic time the region was warped up, as indicated by arrows at 
the bottom of the block; belts of weak sedimentary rock were eroded faster than the 
; resistant strata, which therefore make the present ridges. (The broken line corresponds 

to the base of the block in Fig. 299.) 
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floods of sediment (Fig. 295) . Another example, on a smaller scale, is a 
belt of thick sediments including the Mississippi delta and extending 
eastward along the north side of the Gulf of Mexico to northern Florida. 

In the Appalachians various features of the strata indicate that 
conditions within the old geosynclinal trough fluctuated repeatedly. 
Sandstones and shales wdth abundant ripple marks and mud cracks are 
interbedded with thick limestones that contain marine fossils. Such 
relations imply a shifting shoreline and considerable variation in depth 
of water. In fact at some periods the sea gave place to great delta 
plains or to enormous swamps in which materials for coal beds accumu- 
lated. These changes depended on the relative rates of subsidence and 
sedimentation. If sinking of the trough halted for a considerable time, 
accumulating sediments made the sea shallow or even displaced the sea 
water entirely over wide areas. With renewal of subsidence the water 
came back. If the adjacent land was elevated rapidly for a time, ero- 
sion may have been stimulated sufficiently to keep the seaway full even 
though subsidence of the trough w^as continuous. 

From study of some sedimentary sections in the Appalachians it is 
clear that the coarser sediments are on the east, and that they grade 
westward into marine shales and limestones (Fig. 297) , Therefore the 
land from which these sediments were eroded lay east of the geosyn- 
cline.^ A narrow belt of ancient rocks near the present coast may 
represent the western edge of the former land; but how far that land 
extended eastward, over the area of the present continental shelf, is not 
known. Although the vast quantities of sediments it supplied may 
suggest considerable width, even a narrow land that was rising almost 
continuously may have been adequate. The name Appalachia is ap- 
plied to this ancient land of unknown extent (Fig. 296) . The sea that 
lay west of it, covering much of the present Mississippi Valley region, 
was shallow and had shorelines that shifted widely during its long 
history. 

Possibly Appalachia was not a unit land mass, as suggested in Fig. 
296, but consisted of great island chains near the border of the conti- 
nent, similar to chains now flanking the east coast of Asia. The Asiatic 
chains are partly submerged mountain ranges, some of which developed 
from folding of thick sedimentary deposits. We may speculate, there- 
fore, that in remote geologic ages a geosyncline developed near the 

^ Land areas on the west also contributed some deposits to the geosyncline, 
at certain stages of its development. The exact location and extent of these 
land areas, and the amounts of sediment they supplied, have not been deter- 
mined. 
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present eastern coastline of North America; that deformation of this 
ancient geosyncline formed mountains which grew into island chains; . 
and that these rising islands were the source of sediments laid down in 
a younger basin on the west, the Appalachian geosyncline. The great 
volumes of sediments testify clearly to the former existence of Appa- 
lachia, but do not reveal its exact form or its full extent. 

Other great mountain systems, in both of the hemispheres, have 
had beginnings similar to that of the Appalachians. The Rocky Moun- 
tains are on the site of a great geosyncline that stretched from the Gulf 
of Mexico to the Arctic, with highlands west of it; strata folded in the 
Caucasus Mountains are made of sediments that were, derived from 
lands to the south while seas stretched northward over Russia. The 
time occupied in the accumulation of sediments in a geosyncline has 
ranged from tens of millions to hundreds of millions of years. The 
Appalachian geosyncline was a basin of deposition during six geologic 
periods, nearly 300 million years in total duration. 

Stages of Severe Crustal Movement. The structural features found 
in each of the great mountain belts indicate that crumpling of the old 
geosyncline and its burden of sediments was performed by forces acting 
in a lateral direction, parallel to the Earth’s surface. Thus in zones of 
most intensive folding, not only are the folds closed so that their limbs 
are parallel, but also they are even more severely compressed, with 
mashing of the beds and the production of very complicated structures. 
This is illustrated by sections in the Appalachians (Fig. 300) and in 
the Alps. 

Some strong folding movements occurred while development of the 
Appalachian geosyncline was in progress. In eastern Pennsylvania, in 
the Hudson Valley, and in southeastern Canada the strata deposited 
during the early stages of geosynclinal history were thrown into steep 
folds and now’- lie with strong angular unconformity beneatli formations 
that w’^ere laid down later. Further strong disturbance, however, oc- 
curred after the youngest of the geosynclinal sediments were depos- 
ited (Fig. 298) . Likewise on the floor of the sea in which the Alpine 
formations accumulated there w^ere repeated disturbances that folded 
and broke the strata, and we see the result in numerous unconformities. 
As the folding continued the entire belt finally emerged from the sea, 
and the final crushing and thrusting by lateral compression occurred 
after nearly all the sedimentary strata had been formed. 

Thrust Faulting. It is to be’ expected that such extreme folding of 
rocks wmuld result in rupturing and displacement of the strata along 
great faults. We find, accordingly, that faulting is especially common 
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Figs, 301-300. Development of a great thrust fault. Length of block about 50 inilos. 

Fig. 301. Undisturbed strata before the movement has begun. 

Fig. 302. Horizontal compression has formed a large anticline. 

Fig. 303. The fold has developed into a , thrust fault. Debris eroded from the rising 
structure has accumulated in the synclinal depression at the base of the range. 

Fig. 304. The mass is pushed out over the land surface and overrides some of its own 
alluvial debris. 

Fig, 305, The thrust reaches its maximum extent. 

l^’tG, 306. After movement has ceased erosion has full sway. The thrust mass i.s cut 
down and back. Note the isolated remnants of the older rocks. (Compare Fig. 307.) 
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in mountain ranges. As we pass from consideration of the simpler 
fold ranges to those of more complex types, the faulting becomes more 
pronounced until finally it reaches extreme development in thrust faults 
of great magnitude (Figs. 301--306). An excellent example is the great 
Lewus thrust in Glacier National Park, Montana (Fig. 307) . The low 
dips of the thrusts and their trends parallel with the axes of the ranges 
indicate that the thrusts were made by horizontal compression, just as 



Fig. 307. Part of the great Lewis thrust, in Glacier National Park, Montana. The 
old rocks pushed up and forward in the thrust are indicated, both at the surface and 
beneath, by the darker color. The thrust has been cut back farthest where tlie largest 
stream has eroded its valley. Chief Mountain (C) and another small remnant are ‘‘moun- 
tains without roots”; they show that the thrust reached farther east than at present, but 
Ijrobably do not record its maximum extent. (Compare Fig. 306.) 

View looking northwest. Front of block about 10 miles long. 

were the folds. In fact many of the folds, after being overturrled, were 
broken, and the breaks developed into thrusts; thus the origin of the 
two types of structure from the same forces is clearly established. 

Amount of Compression. The magnitude of the forces and of the 
masses involved is indicated by the amount of shortening that has been 
produced in some of the great folded belts. It is estimated that in the 
Appalachians the original width of the geosyncline was decreased at 
least 40 or 50 miles, and in some sections more, by the crumpling of the 
mass and the thrust faulting. Thus if the folded strata in Pennsyl- 
vania, which now resemble a crumpled blanket, could be smoothed out 
toward the southeast, their extent would be increased sufiiciently to 
cover most of the State of New Jersey.. In the Rocky Mountains also 
the structure. represents shortening by tens of miles, and the amount 
of compression in the Alps is much greater. 



468 


PHYSICAL GEOLOGY 


Variations of Fold Structure. It is to be expected that the results of 
folding should differ considerably in character between the several 
mountain systems, or between distant parts of the same system. Dif- 
ferences in thickness of sediments, in proportions between strong and 
w’eak formations, and in severity of the lateral forces are reflected in 
the individuality of mountain folds. The Jura Mountains, a small 
member of the Alpine system, have irregular folds, many of them 
broken and crumpled. These folds were produced far out in front of 
the Alps proper, in a relatively thin sheet of strata, as an incidental ef- 
fect of the forces that deformed the greater Alpine zone (pp, 470, 472) . 
The Appalachians present a wider variety of fold structures. In the 
slate and anthracite regions of eastern Pennsylvania the folds are 
closely compressed, many of them to the isoclinal form (p, 368; Fig. 
236) , and the axial planes are strongly overturned toward the north- 
west. Farther west in the State the folds tend to be open and upright; 
and the deformation dies out westward. In the mountain belt farther 
south, throughout Virginia, Tennessee, and northern Alabama, many 
of the folds were ruptured by the severe compression and developed 
into thrust faults (Figs. 301-306). This kind of complexity is especially 
pronounced in the Alps, which merit special mention. 

Thrust Faults and Recumbent Folds of the Alps. Alpine structure is 
characterized by great folds that have been. pushed over to a horizontal 
attitude, and by flat thrusts that are related to these overturned folds. 
These features are developed on an unparalleled scale, wdth the result 
that the Alps consist of a series of great rock sheets, driven one over 
another and overlapping like the shingles on a roof. The Germans call 
the individual sheets Dechen; the French refer to them as nappes. 

Because of their location, the Alps have received more intensive 
study than any other mountains. Accordingly, in spite of astonishing 
complexity, their structure and history are fairly well known. As in the 
Appalachians, the deformed rocks in the Alps include thick marine 
deposits; but a larger part of the Alpine sediments bears evidence of 
deposition in deep water, far from any shore. Crustal movement began 
in Mesozoic time, with pressure from the direction of Africa. The 
layers of sediments on the sea floor were bowed up slowly, until chains 
of islands appeared above sealevel. During early Cenozoic time the 
compression accelerated powerfully, and an enormous rock sheet was 
driven nortluvard over the geosyncline. Beneath this sheet the weak 
sedimentary formations were intensely crumpled. With recurrent 
thrusting other sheets were driven forward, and all were severely folded. 
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Erosion cut valleys through the sheets (Fig. 308), exposing the entire 
series ; and in parts of the Alpine area nearly the whole of one or more 
sheets has been swept away, leaving remnants of old rocks to form iso- 
lated peaks standing on younger rocks that were overridden and cov- 
ered during the thrusting movement. Like Chief Mountain, Montana 
(Fig. 307) , isolated peaks that have this anomalous relation are “moun- 
tains without roots.” The Mythen, prominent peaks south of Lake 
Zurich, are famous examples. Some of these masses are 50 miles or 
more north of their original positions. Heim, the great Swiss master of 
Alpine structure, tells us that the Alpine zone as a whole was made 



Fia. 308. Generalized section across part of the Swiss Alps. Three great thrust sheets, 
or nappes, are numbered I, II, III. Sedimentary formations are numbered 1 to 5, in order 
from oldest to youngest. Dotted line suggests original form of thrust sheet I, which has 
been largely removed by erosion. Isolated mass under 3 is a “mountain without roots.” 

narrower by nearly 200 miles owing to the thrusting and folding. Lo- 
cally, as in the Simplon Tunnel section, the original width was reduced 
as much as 90 per cent. 

Depth of Folding. How deep is the segment of the crust affected by 
folding, thrusting, and mashing in mountain zones? There is of course 
much uncertainty about this matter, but for some localities a partial 
answer can be given. In the Alps, erosion has cut through the folded 
and uplifted cover of strata in several places, exposing the older rocks 
on which the sediments were deposited. Mont Blaiic and the Aar 
massf/ are parts of the floor of the former geosyncline, now lifted to a 
high level and completely denuded. These areas were not in the deep- 
est parts of the old basin; yet they were covered with sediments many 
thousands of feet thick, and the crustal movements reached much 
deeper than the present surface, since the old rocks arc sliced with 
thrusts and otherwise deformed. The Appalachians have not been 
elevated sufficiently to permit erosion to expose the floor in the deepest 
part of the old trough ; but thrust faults have brought some of the 
lowest sedimentary formations to the level of the present surface. 
Similar evidence from the Rocky Mountains and from the older moun- 
tain zones of Scotland and Scandinavia leaves no doubt that deforma- 
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tion by horizontal compression extends through a depth of at least sev- 
eral miles, but how much deeper the effects may reach is not known. 

On the other hand it is certain that some folding ends at compara- 
tively shallow depth. The folds of the Jura Mountains, northwest of 
the Alps, are closely compressed; but the sedimentary formations in- 
volved in the folding have a total thickness less than a mile, and the 
older rocks beneath were not affected by the deformation. Near the 
bottom of the sedimentary section there is a weak formation of shale. 
When the Alpine zone was being crushed by powerful thrusts from the 
south the deformed rocks, crowded toward the north, transmitted part 
of the pressure to the fiat-lying strata beyond. The weak shale at the 
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Fio. 309. Section through part of the Jura Mountains, Thrust from the southeast 
(right) caused the plate of stratified rocks to fold by slipping over the older rocks beneath, 
(See Fig. 310.) ' 

base of the section served as a lubricant, permitting the overlying strata 
to wrinkle into close folds by sliding over the “basement” rocks (Fig. 
309) . To duplicate the effect in miniature, lay a thin block of tissue 
paper on a table with the far edge of the block against a book, and push 
against the near edge; the paper yields by wrinkling into folds, at the 
same time sliding on the table. Shallow folds of the Jura type appear 
to have developed incidentally in connection with more important and 
deeper-seated crustal movements (Fig. 310) . 

Mountain Elevation. There is a natural tendency to assume that all 
the excess material crowded into a mountain zone by folding and 
thrusting was forced above the general level, and that growth of the 
great ranges in height ended as soon as horizontal compression ceased. 
For a long time, indeed, this conclusion was taken for granted, and at- 
tempt§ were made to compute the original heights of eroded ranges by 
restoring the folds from study of the eroded limbs. As the steps in 
mountain history become clearer, however, it is found that much of 
the actual elevation occurred at a time distinctly later than the folding 
and thrusting. After the Rocky Mountain deformation in Mesozoic 
and early Cenozoic time, the folded and faulted area was eroded to a 
nearly even surface at a low altitude; and the present great heights in 
the Rockies are due to strong upwarping at a later date. Similarly, 
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after much of the thrusting and folding was complete, the Alps had 
only moderate height, and the sea washed the flanks of the ranges both 
on the north and on the south. In late geologic time, powerful upwarp- 
ing of the entire mountain belt carried the Alpine summits to great 
heights. The Andes and the Himalayas have had similar histories. 

Therefore horizontal compressive forces, important though they have 
been in the development of mountain structure, are not a sufficient ex- 
planation of mountain height. What other forces may be involved? A 
possible answer to this question is reserved for later paragraphs. 

Role of Igneous Agencies. Although some great ranges contain little 
or no visible igneous rock, nevertheless intrusion and extrusion of 
igneous material commonly have been associated with mountain gen- 
esis. Great batholiths have been intruded into many belts of folding 
and thrusting. A granitic mass of this kind that has become exposed 
by deep erosion is spoken of as the “granite core” of a range {Fig. 198, 
p. 290) . Intrusion of hot magma, combined with the folding and mash- 
ing of the older rocks, has caused profound metamorphic effects over 
wide areas (p. 419) . One of the finest examples of such batholithic 
masses is in the Coast Range of western Canada, where granitic rocks 
are exposed in a continuous belt more than 1200 miles long (p. 291) . 

Intrusions of molted magma have not only made batholiths at the 
cores of ranges, but also have pressed upward into the folded and 
faulted strata to form sills, laccoliths, and dikes (Chap. 13) . In many 
mountain zones the magmas have broken through to the surface on a 
grand scale, as evidenced by the vast accumulations of volcanic breccia, 
lavas, and other volcanic materials near Yellowstone National Park, 
along the Andean chains, and in numerous other mountain belts the 
world over. 

Since igneous activity involves tremendous energy, it may seem a 
logical suggestion that igneous processes have supplied the force re- 
quired for folding and thrusting. However, evidence of igneous action 
is Avholly lacking in some long belts of intense deformation. More- 
over, many intrusive masses in mountain belts were emplaced after the 
folding and thrusting had been accomplished, since the igneous bodies 
cut across the folds and faults. Therefore the igneous activity was 
more probably an effect than a cause of the deformation. 

Possible Interpretation of Mountain History. Why are thick geo- 
synclinal deposits commonly involved in mountain deformation? What 
causes great uplift in mountain zones long after folding and thrusting 
movements have ended? Why have great batholiths formed beneath 
mountain belts? These questions can not be answered with confidence 
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at present, but some suggestions find support in the accumulating evi- 
dence. Figure 310 illustrates some of these suggestions. In (a), the 
geosyncline G has received vast quantities of sediments from a land 
mass L, which was rising persistently while the geosynclinal tract was 
sinking. This rising land was at least in part a growing mountain belt 
subject to repeated deformation from horizontal pressure in the crust. 
Thus mountain-making forces were already in action while the geosyn- 



, luo. 310. Hypothetical sections through a mountain belt, showing three stages of 
development, (a), (6), (c). A, outer shell made of low-density (continental) rock; B, 
deeper zone made of denser rock. Broken lines indicate normal thickness of low-density 
shell, before thickening by deformation. Arrows in (a) and (6) indicate lateral compres- 
Sion, with no suggestion of its origin. In (a), downbending beneath geosyncline G pre- 
sumably IS caused by force.s that deform the shell beneath the rising land L. In (6) the 
deformed and thickened shell is in isostatic balance. In (c) fusion has formed batholithic 
masses F, and volcanic material V is extruded. J, superheial folds like those of the Jura 
Mountains (lug. 309) in thin sedimentary section outside the geosyncline. (Vertical scale 
much exaggerated.) 

dine was forming; in fact, every geosyncline seems to have been one 
manifestation of these forces. Although the accumulating weight of 
sediments was no doubt a factor in causing subsidence of the geosyn- 
clinal floor, the sediments were of much lower density than the rock 
displaced at depth (Fig. 6, p. 18), and their weight alone could not 
ha^'-c kept the tract below sealevel, by causing a mile of sinking for 
e\ ery mile in thickness of added deposits. The mechanism responsible 
for horizontal compression in the crust may have caused downbending 
beneath tlie geosynclinal tract. Under this suggestion, the sediments 
began accumulating at G because there was a ready-made basin to 
icccive them, and they continued to pile up because progressive down- 
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bending of the crust maintained the catchment basin. Weight of the 
sediments accentuated the downbending in some degree, but was not a 
primary cause of subsidence. 

Eigure 310 (b) represents renewed deformation of the mountain belt, 
including the entire width of the geosynclinal tract. Compression has 
thickened the outer light shell (A) of the crust, and the top of the 
thickened portion has risen to higher altitude. in conformity with the 
principle of isostatic balance (Chap. 2). At a later stage, (c) rising 
temperature in the lower part of the thickened shell has caused large- 
scale fusion, with development of a batholith that cuts across folds and 
faults. Expansion has caused increased uplift, and vigorous erosion 
has carved the high surface into rugged forms. A logical cause of the 
large-scale fusion may have been accumulation of heat from disintegra- 
tion of radioactive elements (p. 335) , which are more abundant in the 
outer granitic shell A than in the dark-colored rocks of the deeper zone 
B. Since granitic rocks fuse at lower temperatures than basaltic or 
gabbroic rocks, the resulting igneous activity would be confined to the 
thickened part of the granitic shell A. Starting near the base of this 
shell, fusion -would proceed upward until temperature in the upper part 
of the -fused mass fell below the temperature required for further melt- 
ing. Dissipation of heat through volcanic activity may have been one 
factof in halting the upward progress of batholithic invasion. 

The succession of events outlined here is oversimplified, in compari- 
son with the complete records found in many mountain districts. Thus 
in parts of the Rocky Mountains there were two or more episodes of 
volcanic activity, each probably corresponding to a spreading of ig- 
neous fusion in the underlying crust. Each renewal of major igneous 
activity in turn may have been connected with a distinct episode of 
compressive deformation, of which several occurred in the Rocky 
Mountain region, separated by long intervals of time. Mountain his- 
tories have been varied and complex ; hence a simple generalization can 
not be made for all parts of any one mountain system, much less for 
all great systems. Moreover, the hypothetical nature of interpreta- 
tions suggested above, and in Fig. 310, must be emphasized. The 
problems are too vast, and evidence now available is too meager, to 
permit more than intelligent guesses about the mechanism of mountain 
building. 

Later Stages of Mountain History. As long as the compressive 
forces are at work, a mountain system gro-w'-s in so far as its structure 
is concerned. Whether it actually rises in height or not depends on 
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the adjustment between (1) -vertical movements that tend to make it 
rise, and (2) the work of erosion which tends to cut it down. Always 
during the formative period this struggle goes on, and the height of a 
range at any time is the resultant of these two forces. When crustal 
movements cease erosion has full sway. After an enormous lapse of 
time the mountain forms may be obliterated; but even then some clue 
to their former existence will be furnished by the upturned and dis- 
located nature of the eroded strata (Fig. 311), by the widespread 
metamorphism of the rocks, by the faults that cut them, and by the 
presence of large granitic intrusive masses. We can not determine 
the former altitudes, for, as LeConte has said, “We find only the 
bones of the extinct mountains”; but these remains indicate the trends 
and extent of the ancient ranges. Thus from the kinds and attitudes 
of the rocks of southern New England, which is now only a hilly coun- 
try, we are led to infer that it was once a mountainous region, with 
ranges trending generally north and south. 

Crustal movements in the mountain zone do not cease, however, at 
the time the ranges reach their maximum height. As erosion proceeds, 
its work is partly offset and the mountain forms are complicated by 
recurrent upwarping of the region. The old Appalachians have been 
bowed up repeatedly, even in late geologic time. After their birth late 
in the Paleozoic era they experienced long-continued erosion; and 
although uplifts probably occurred, the entire folded tract finally was 
reduced to a peneplane. During more recent epochs the region was 
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311 , East front of th Laramie Mountains, Wyoming. Erosion has reduced 
these mountains to low elevation; but even if they should eventually be eroded to a 
plain, the upturned strata of limestone, sandstone, and shale will mark the posi- 
tion and the trend of the old range. . 
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warped up strongly and dissected, and therefore the present mountain 
ridges are strictly plateau remnants (Chap. 20). The repeated uplifts 
are logically explained as movements to restore isostatic balance after 
removal of great load through prolonged erosion (Fig. 6, p. 18) . 

Dating of Movements in a Mountain Zone 


To fix the geologic period in which the sedimentary formations of a 
geosyncline were deformed, it is necessary to determine the age not 
only of the youngest strata involved in the disturbance but also of the 



Fig. 312. Cross-section of a range with fold structure, showing evidence of the date 
at which deformation occurred. A, youngest surviving strata that were involved in the 
folding; the deformation occurred after they were deposited. B, strata deposited after 
the deformation. Length of section about 50 miles. 

oldest strata that were deposited later (Fig. 312). The closeness of 
dating by this method depends upon the length of the interval between 
deposition of the two sets of formations. Thus if -the youngest de- 
formed rocks (for example. A, Fig. 312) are of early Jurassic age, and 
the oldest undisturbed formation (as B, Fig. 312) was deposited early 
in the Cenozoic, the movement may have occurred either in the Jurassic 
or in the Cretaceous period (see Appendix D) . The latest Appalachian 
folding is dated as Permian, since late Pennsylvanian rocks are affected 
and Triassic rocks are not. 

In some mountains the rocks have been disturbed in several periods, 
and therefore the method just explained can be used to date only the 
latest movement. However, the earlier disturbances generally are re- 
corded by unconformities (p. 386) . If a surface of unconformity cuts 
across strongly folded rocks, and the formations above the unconform- 
ity also are deformed, there were at least two important disturbances. 
The several pulses of violent deformation that affected the Alpine zone 
are differentiated by evidence of this kind. 

Mountain-making movements of any kind are dated by following 
the same general principles. The latest episode of uplift on faults 
can not be older than the youngest rocks affected by the faulting. 
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The Ultimate Cause of Ceustal Movements 

The mechanism of crustal deformation and mountain uplift repre- 
sented in Fig. 310 is largely hypothetical. However, it does not at- 
tempt to explain the origin of forces that cause the deformation. This 
fundamental mystery about the Earth has engaged the attention of 
scientists through several generations, but the problem is still unsolved. 
Some of the current hypotheses hold great interest, but they can be 
given only brief mention here. 

Origin of Steep Faults. Some steep faults that bound mountain 
blocks may have resulted from strains set up by movements to restore 
'isostatic balance disturbed by erosion and deposition (Chap. 2). Other 
faults appear to be related to irregular shifting of magmas at depth, 
during the emplacement of igneous bodies or the extrusion of volcanic 
materials. Many dome mountains owe their formation to igneous in- 
trusion, and therefore the problem of the causal force is closely linked 
to the problems of igneous activity. 

Cause of Horizontal Compression. The outstanding question con- 
cerns the cause of folding and thrusting in the great mountain zones. 
When it was believed that the Earth consisted of a relatively thin 
crust resting on a hot molten interior, it seemed easy to explain buck- 
ling of the crust by assuming that there was steady contraction of the 
Earth’s volume as the result of cooling. The already cold outer crust 
would be folded up as it gradually sank upon the shrinking interior, 
very much as the skin wrinkles upon an apple that contracts from 
drying. This view in its original simple form can no longer be held, 
because it is known from seismic evidence that the Earth is rigid, at 
least in the outer half of its radius. 

Nevertheless a view commonly held to account for crustal deforma- 
tion assumes contraction because of cooling. This is a sui'vival of the 
idea mentioned above, but changed to accord more nearly with later 
knowledge. It assumes that the Earth, though rigid, is very hot 
within, and that progressive cooling causes slow shrinkage below a 
comparatively shallow depth. An English scientist has shown that 
this mechanism would account for a large amount of buckling in the 
outer shell, provided we make certain reasonable assumptions as to 
temperatures in the interior. Another form of the contraction hy- 
pothesis discards the idea of a hot interior, but assumes that the enor- 
mous pressures deep in the Earth: cause slow but continuous increase 
in density and decrease in volume. The net effect would be the same 
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as if cooling occurred, as the outer shell, unchanged in volume, would 
collapse on the shrinking core with consequent folding and thrusting. 

It has been suggested also that vertical adjustments in the outer 
crust to maintain isostatic equilibrium (p, 17) may be a sufficient 
cause of folding and thrusting. This suggestion does not find support 
in evidences of enormous lateral pressure and displacement. In some 
mountain belts, individual rock sheets have been thrust horizontally 
for distances of 25 miles or more; and every large folded geosyncline 
represents lateral movement through tens of miles. It is difficult to 
conceive of a mechanism whereby slow vertical movements of the 
crust could be responsible for horizontal forces of such magnitude. The 
mechanism for maintaining isostasy must play an important role in 
some aspects of mountain development: first, in adjusting for loads 
when excess matter is crowded into a mountain zone by folding and 
thrusting; and, later, by restoring the balance disturbed when vast 
quantities of material are eroded from the high ranges (Fig. 6, p. 18) , 
However, in this role isostatic adjustment can not be the principal 
actor. Unless there had been independent forces to upset equilibrium 
in the crust, all features of relief on the continents would long ago 
have disappeared through erosion. 

Hypothesis of Continental Drift. A speculation which has won 
many advocates maintains that whole continents have shifted hori- 
zontally through long- distances. It is claimed, for example, that Africa 
moved northward against the old Mediterranean geosyncline and 
crushed it to form the Alps and neighboring mountains; that the great 
chains of Asia were caused by southward shifting of that continent; 
and that the American cordilleras are the result of slow, long-continued 
westward drifting of North and South America. It is urged that no 
other explanation will suffice in view of the stupendous shortening re- 
corded by mountain folds and thrusts. Students who favor the hy- 
pothesis of “continental drift” point out considerable geologic evidence 
which, in their view, strongly supports the concept. For example, if 
the maps of North and South America, as they appear on a globe, are 
moved eastward against Europe and Africa, not only do the conti- 
nental margins match remarkably, but some old mountain belts in 
America — among them the Appalachians — appear to be continuous 
with mountain belts of the same geologic dates in lands east of the 
Atlantic. But what would furnish the motive power for breaking up 
and transporting continental masses? 

One hypothesis that has received considerable attention attributes 
crustal deformation to slow-moving convection currents within a thick 
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shell of the Earth. At first thought, it would appear that such currents 
are impossible, in view of abundant evidence proving rigidity in the 
Earth. It is urged, however, that a thick zone below the crust may be 
nearly devoid of strength, because of high temperature (p. 448) . Some 
mathematical physicists agree that slow convection may operate in 
such a zone, provided an adequate source of heat exists. Advocates 
of the hypothesis assume that minute quantities of radioactive elements 
are contained in the rocks to depths of several hundred miles in the 
Earth, and that disintegration of these elements provides sufficient 
heat to set up convection. The supposed operation of such convection 
is as follows: A current rising below a large continental mass will be 
divided and turned laterally at the base of the strong crust; when the 
currents arrive at a continental margin, heat is lost through the ocean 
floor, and the cooled subcrustal matter sinks, thus completing the cir- 
culation. Frictional drag at the base of the crust may be strong enough 
to divide the continental mass and separate the parts. The forward 
edge of each continental fragment encounters resistance to movement 
and becomes deformed by folding and thrust faulting. Movement of 
the currents, and of continents propelled by them, is assumed to be at 
a rate imperceptibly slow. Separation of South America from Africa, 
through the 3000-mile width of the South Atlantic, is supposed to have 
begun more than 100 million years ago; hence the average rate of 
“drift” (assuming that it has continued to the present time) was less 
than two inches per year. 

Although the hypothesis of moving continents seems fantastic to 
many students of the Earth, it has stimulated numerous investigations 
that are resulting in substantial increase of geologic information. Even 
if the hypothesis eventually should be disproved, its influence has been 
beneficial, and it may play an important part in revealing the secret 
of diastrophism. 

Summary 

Mountains have been formed by differential erosion of plateaus; by 
volcanic accumulations; and by localized deformation of the crust. In 
the latter group we recognize several general classes of mountains 
based on types of structure, which reflect the action of diverse forces. 
The visible structure may be due to dislocation and tilting of crustal 
blocks, to simple doming of rocks, to folding with or without faulting, 
to large-scale thrust faulting, or to various combinations of these sev- 
eral processes. Connected with any type of movement there commonly 
have been injections and extrusions of igneous material, which have 
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complicated the final structure of the mountain mass. Nearly all 
mountain- building movements have taken place in a series of pulses 
or phases distributed over a very long time; this is especially true of 
the chains that have complex structure. The cause of the great lateral 
pressure to which the belts of folding and thrusting bear eloquent testi- 
mony is an unsolved problem. We know from long study of many 
mountain belts that they were the sites of thick sedimentary accumu- 
lations during early stages of their development, and that deformation 
went on continuously or recurrently through long geologic periods. 

Actual elevation to mountain heights commonly has followed the 
intensive folding and apparently was in large part independent of the 
deformation by lateral compression. Repeated uplifts have greatly 
prolonged efforts of erosion to destroy the great ranges. Many chains 
owe their present existence to differential erosion following broad up- 
warping of old folded and faulted belts. The continuous struggle 
between internal and external forces has left its clearest record in the 
diverse land forms of mountain regions. 
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LAND FORMS 

Genesis of Land Forms 

We have learned something of the various kinds of rocks that con- 
stitute the Earth’s crust, we have examined the several processes that 
operate on the face of the Earth, and we have studied the intermittent 
movements of the crust that result from forces within the Earth. Hav- 
ing in mind these three factors, each of’ which exercises its own control 
over erosion and deposition, we are prepared to inquire into the shapes 
into which the land is sculptured. These are termed land forms, and 
their study is important not only because of their intrinsic interest, but 
also because an understanding of groups of these forms helps to recon- 
struct the later history of the part of the Earth in which they occur. 
The study of land forms is a means to an important end, as the follow- 
ing pages show. 

Relation of Land Forms to Erosion and Deposition. The wave- 
cut cliff is a feature so distinctive that even where we find it well 
developed above present sealevel we infer that it was carved either by 
a lake or by the sea and was later affected by a change of level Simi- 
larly the undercut sides and slipoff slopes of a stream valley are so 
characteristic of fluvial sculpture that, even where we find these two 
features facing each other across a valley with no stream between them, 
we infer that a stream formerly existed in the valley and that it carved 
the valley sides. Again, the discovery of a mountain crest partly con- 
sumed by the growth of cirques leads us to the firm conclusion that the 
crest was formerly sculptured by valley glaciers even though none now 
exist there. 

The wave-cut cliff, the slipoff slope, the undercut valley side, and 
the cirque are land forms that are unusually distinctive. Each of these 
features characterizes the work of a specific group of processes: marine, 
fluvial, and glacial. Similarly the domes of the Yosemite (p. 38) are 
the work of weathering, the deflation hollows of the Gobi Desert and 
other arid regions (p. 202) are the work of the wind, the sinks (p.l33) 
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common in carbonate rocks are the work of subsurface water, and the 
fillings of lake basins (p. 147) are the work of lakes. 

All but the last of the forms mentioned are erosional in origin. The 
same groups of processes, however, also build up depositional land 
forms. The (marine) beach and bars, the (fluvial) fan, the (glacial) 
end moraine, and the (eolian) dune are examples. The distinctive 
features of land forms, then, are determined by the processes that 
created them, and the processes include both erosion and deposition. 

Relation of Land Forms to Rock Composition and Structure. 
Processes, however, are not the only factor involved in the making of 
land forms. A wave-cut cliff, an undercut valley side, and a cirque 
carved from resistant rocks are bolder, steeper, and more rugged than 
forms of the same types carved from weak rocks. Each is still recog- 
nizable; each still records the process that sculptured it; but each 
clearly indicates the influence of an additional factor — ^the general 
nature of the rocks from which it was carved. Furthermore, land 
forms also commonly reflect the structure of the component rocks. For 
example, the step-like character of the walls of the Grand Canyon 
(p. Ill; Fig. 11) shows at once that the rocks are essentially horizontal. 
Similarly the appearance of the ridges in Fig. 316 shows that they are 
being carved from folded rocks. 

Igneous activity and movements of the Earth’s crust exercise the 
chief control over the composition and structure of many rock masses 
from which land forms are carved. For example, a volcanic cone 
evolves through a definite succession of land forms as it undergoes 
erosion by streams (p. 326). Fault blocks likewise go through a well- 
defined series of changes as erosion destroys their initial fault scarps 
and eventually creates fault-line scarps (p. 382). 

Relation of Land Forms to the Geomorphic Cycle. Although rock 
■character combines with erosion and deposition to control land forms, 
still a third factor is involved. The land forms between the streams 
in Fig. 64 are very different in appearance from those in Fig. 63 
(p. 105), in spito of the fact that the processes at work and the rocks 
being worked upon are identical in both figures. The only difference 
between the two, indeed, is one of age, the land mass shown in Fig. 64 
being farther advanced in the cycle than the one shown in Fig. 63. Age 
or position in the cycle, therefore, in addition to the rocks and the 
process at work, is an important factor in the shaping of land forms. 

Value of Land-Form Study. Every land-form unit therefore con- 
tributes to the temporary aspect of a continuously changing landscape, 
for it is evolved from different features that preceded it, and it is cer- 
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tain to be altered into still other features by the processes that cease- 
lessly shape it. The practical value in the study of land forms lies in 
the fact that, because the character of any one unit usually betrays not 
only the general character of the rock composing it and the processes 
that sculptured it but also its position in the cycle, we can work back- 
ward from it and thus reconstruct landscapes that no longer exist. In 
this way we can read chapters in the history of the Earth that would 
be legible by no other means. 

The Fluvial Cycle on Folded Strata 

The folding and uplift of strata discussed in the preceding chapter 
are accompanied and followed by erosion, usually with streams and 
mass-wasting the chief agents. During the erosion of fold mountains 
there are evolved a number of characteristic land forms which are 
common in many parts of the world and are easily recognizable when 
their origin is understood. Therefore it is important to examine the 
fluvial cycle on folded strata in contrast with the fluvial cycle on homo- 
geneous rocks. 

In a moist climate the erosion of an area of folded strata is based on 
the same principles that control erosion of homogeneous rocks (p. 105). 
There are differences in detail, however, because of the unequal yield- 
ing to erosion of alternating weak and resistant rocks. Many varia- 
tions are possible, but the following account, illustrated by Figs. 313- 
317, represents a typical cycle under these conditions. The illustrations 
are necessarily diagrammatic, in that fold structures change somewhat 
with depth, so that far below the surface they are likely to be less 
simple than those shown. However, all the land forms illustrated here 
are commonly developed, and the diagrams are geometrically correct. 

Initial Stage. Let the scene be set with a land mass in old age 
(essentially a peneplane) developed on a series of horizontal sedi- 
mentary rocks, alternately resistant and weak (Fig. 313). The area 
is drained eastward by a main stream that reaches the sea on a broad 
delta. The tributaries, because the rock is horizontal, form an irregu- 
larly branching pattern (p. 99) . 

Early Youth; Antecedent Streams and Synclinal Tributaries. 
This section of the crust then begins to be compressed, and, as it 
gradually yields, it is very slowly bowed into a series of gentle folds 
(Fig. 314) , of which one plunges northward. The folds are transverse 
to the course of the main "stream, and the rate of bowing is so slow 
that it might be measured in inches per century. 




Figs. 313-318. P'luvial cycle on folded atrata in a moist climate. Greatest length of 
each block, approximately 20 miles. Vertical dimension greatly exaggerated. 

Fig. 313. Initial stage, showing a land mass inherited from an earlier cycle. 

P'lu. 314. Stage of early yonth, showing folding of the strata to form throe anticlines; 
the main stream persists in its antecedent course and cuts water gaps, but the tributaries 
are obliged to follow new routes along the synolines. 

Fkj. 315. Stage of later youth, showing filling of valleys and brca(ihing of anticlinal 
ridges, forming hogbacks. 

P''io. 310. Stage of maturity, showing dissection of the earlier valley filling and growth 
of subsequent streams. 

Fig. 317. Stage of old age, showing the weak rocks reduced nearly to basclevel, leaving 
mouadnoeks of resistant rock. Essentially a peneplane., 

I'hG, 318. The same area after rejuvenation by uplift, during which the streams have 
vigorously eroded the weak-rook areas, leaving the resistant-rock layers in ridges. 
484 ' ■; 




AERO SERVICE CORPORATION. 

Fig. 319. Delaware Water Gap; view looking north (upstreafn). The Delaware 
Kiver has cut the gap through TLittatinny Mjountain, a sandstone ridge whose 
flat top is a remnant of a former peneplane. Pennsylvania lies to the left of the 


river, New Jersey to the right. 


If the fold rose so rapidly that the stream could not cut through it, 
the stream might be defeated — converted into a lake by the damming 
effect of one of the anticlines, and forced to spill over or around the 
anticline at some new point. But, in the case selected, the main 
stream is just able to cut dowm through the slowly rising folds. A 
stream that is strong enough thus to maintain its qriginal course in 
spite of folds or faults across its path is said to be antecedent. The 
Santa Ana and Temecula rivers, both of which cross ranges of hills 


southeast of Los Angeles, California, are antecedent to the uplifts that 
formed the ranges. The Columbia River and its tributary, the Yakima, 
are antecedent to anticlinal ridges in central Washington through which 


they have cut. 

In the present example the tributaries, smaller and weaker than, their 
main, do not fare so well ; they are blocked off by the rising anticlines 
and diverted along the new drainage lines provided by the synclinal 
troughs. Concentration of drainage takes place in each of these, and 
pairs of tributaries arc developed at right angles to the main stream, 
as consequents upon the folded surface. In this way the earlier stream 
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pattern is extinguished and a right-angled pattern takes its place, with 
the chief tributaries occupying the synclinal troughs. At the same 
time, rapid runoff down the slopes of the anticlines forms steep conse- 
quent tributaries of the second order, which soon excavate deep gorges. 
As soon as these tributaries cut through the surface bed of resistant 
rock and penetrate the weak bed below, they cut the weak rock rapidly, 
undermining the resistant rock and quickly widening their valleys. 
This process is characteristic of the early stages of the cycle, in that 
the weak rocks are attacked as widely as possible, while the resistant 
rocks, escaping direct attack, fail piecemeal by undermining. The 
main stream crosses the anticlinal arches through water gaps (Fig. 319) 
which it has cut itself, and its increased load is deposited farther down- 
stream. That the stream system is confronted by a long period of 
cutting is indicated by the volume of rock that lies above the new 
baselevel (indicated by a dashed line, Fig. 314). 

Later Youth; Hogbacks. The folding has now reached its climax 
(Fig. 315), and the anticlines grow no higher. The crests thereby 
attain their maximum altitude above baselevel (dashed line, Fig. 315). 
But because much erosion has taken place since the uplift began, the 
actual mountains can never be as high as might be inferred at a later 
time by projecting upward the stumps of the anticlinal limbs. Steep- 
ening of the anticlinal slopes (compare Fig. 315 with Fig. 314) causes 
such greatly increased erosion by the tributaries of the second order 
that the streams in the synclinal troughs, whose gradients have not 
been steepened much since folding began, are not able to carry away 
the waste contributed to them. Therefore the troughs are partly filled 
with waste. The long ridges formed by the steeply dipping resistant 
strata are termed hogbacks (Fig. 320) . They are common in the Colo- 
rado Rockies, the Big Horn Mountains, the Black Hills (p. 503) , and 
many other anticlinal mountain masses. If the dip of the resistant bed 
were very gentle instead of steep, a more asymmetric and gently sloping 
ridge would result, A ridge of this type is called a cuesta (Figs. 335, 
336). 

Erosion of the weak layer, with undermining of the resistant layer 
above it, progresses most rapidly along the crests of the higher anti- 
clines, because there gradients are steepest. Hence the anticline in 
the center (Fig. 315) has been breached along its entire crest, whereas 
the lower anticline to the east is only partially breached, and that only 
where its axis is highest. Because it is a plunging fold, its axis is in- 
clined, and hence the tributaries of the second order that drain its 




Fig. 320. Hogbacks, at Rainbow Gardens, near Las Vegas, Nevada. Length of 
base of view, approximately 2 miles. 

flanks have less steep gradients. This being the case, their cutting 
power is less than that of their neighbors on the other anticlines, and 
the resistant stratum that caps this anticline is therefore less readily 
breached. The structural skeleton of the whole region is now dissected 
into greatest relief, but the mass-wasting processes and the streams 
have much to accomplish before they can remove all the rock above 
baselevel and carry it into the sea. 

Maturity. The weak strata continue to receive the most vigorous 
direct attack by the streams, and the resistant strata fall block by 
block as they are sapped and undermined (Fig. 316), Erosion of the 
weak strata in the middle anticline has now completely laid bare the 
rounded upper surface of the lower resistant stratum, and this likewise 
goes through the erosional process and is breached. Figures 315 and 
316 show the appearance and development of other such rounded ridges 
in the hearts of the anticlines. 

By this time the whole land surface has been reduced appreciably 
toward baselevel (dashed line, Fig. 316 j compare Fig. 315), and the 
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heights have been lowered sufficiently to decrease the supply of waste 
to the tributaries. The latter, freed from a part of their load, are again 
able to devote a part of their energy to downcutting, and they begin 
to dissect their previous deposits in the synclinal troughs and in the 
region east of the anticlines. By this time they have reached grade, 
and the hill slopes, continuously eaten aw^ay by mass-w^asting, are also 
at grade. 

Old Age, Although decreasingly effective, downcutting by the 
streams during late maturity and old age results in the reduction of 
the remaining highlands. The reason is simply that most of the w^eak 
rock has already been wmrn down close to baselevel, leaving little but 
resistant rock upon which mass-wasting can operate (Fig. 317; note 
that the dashed line has disappeared because the old-age surface prac- 
tically coincides wdth it). Because of the great resistance of the only 
rock left above baselevel, and because gradients are slight, the process 
of erosion has become almost infinitely slow. Figure 317 depicts a 
peneplane with elongate monadnocks formed by outcropping edges of 
the resistant beds, together wnth one rounded ridge in the pitching 
anticline. Weak and resistant rocks alike are beveled by a surface of 
low relief. The cycle is virtually ended; from now on the streams can 
work only to destroy the monadnocks, with scarcely appreciable results. 

Adjustment of Streams to Weak-Rock Belts. Figures 313-317 
show that, although the initial tributaries develop as consequents in 
the synclinal troughs, they steadily decrease in importance until in old 
age (Fig. 317) they are almost completely extinguished. As the re- 
sistant rocks that form the crests of the anticlines are breached, tribu- 
taries develop in the underlying w^eak rooks and extend their valleys 
headward from the main stream along the exposed belts of weak rock. 
Streams that established themselves by growing headward along belts 
of w’cak rock in this manner are termed subsequent stresuna. As the 
cycle progresses, the subsequents, rapidly eroding their weak-rock 
valleys', steadily gain more drainage area at the expense of the conse- 
quents which have to cope wnth the resistant rocks in the synclinal 
troughs. In this way, through the process described on page 49S, tliey 
acquire the lion’s share of the runoff. From this the principle may 
be set up that stream systems adjust their courses so as to flow as much 
as possible on weak rock and as little as possible on resistant rock. 
Streams adjust their courses in other ways, but this is a very common 
method. Drainage developed in folded strata rarely reaches an ad- 
justed condition before late maturity or old age. The more or less 
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complete adjustment of the larger streams in the folded Appalachians 
is illustrated in Fig. 321. The strike of the folds can be readily inferred 
from the trend of the right-angled stream pattern. 



Fig. 321. Stream patterns in West Virginia. In the central and western regions the 
rocks are nearly horizontal and the pattern is irregularly branching. In the east the 
rocks are strongly folded along NE-SW axe.s and the resulting pattern is right angled, the 
long .straight streams being subsequents which have cut their valleys headward in belts of 
weak rook. Note how thoroughly the region is drained (mature dissection in a moist 
climate), and compare Fig. 68, p. 109. 

Uniform Beveling of Weak and Resistant Rocks. The significant 
fact emerging from the description of such a cycle is that, if loft un- 
disturbed, streams and mass-wasting wear down a land mass to 
a peneplane in which both weak and resistant rocks are more or less 
evenly beveled. Remnants of peneplanes exist in many parts of the 
world, each one cutting across rocks of various kinds and thereby 
testifying to the fact that it was formed under the close control of base- 
level, the only level at which streams and mass-wasting can cut down 
both weak and resistant rocks nearly to a common plane. 
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Peneplanes would be much more numerous if the Earth’s crust were 
stable, allowing land masses to stand stilL throughout an entire cycle 
of erosion. What usually happens is that movement of the crust occurs 
long before the cycle is completed, either depressing the land, submerg- 
ing the mouths of the valleys, and raising the baselevel, or causing the 
land to rise higher above the sea, increasing gradients and rates of 
erosion, and thereby starting the cycle over again. It is because of 
frequently repeated crustal uplifts of the land, forcing the streams to 
renew downcutting, that the continents have not been reduced to great 
low-lying peneplanes. Changes of level of land masses are therefore 
highly significant events in the history of the Earth. For this reason 
we must examine their effects on stream-sculptured land forms, so that 
by recognizing the sculptured forms in any region we can work back 
to the changes that produced them and thereby add still further to 
our knowledge of the Earth’s past. 

Effects OF Changes OP Level OF A Land Mass 

We have seen that the crust is subject to upward and downward 
movements of various kinds (p. 351) and that the level of the sea also 
fluctuates, in part independently of the crust (p. 195). If the evi- 
dence of change of level is distinct and widespread, the earlier cycle 
is said to have ended (even though it is not completed) and a follow- 
ing or second cycle begun. Thus the valleys shown in Fig. 323 : A, B, 
and C, are now in a second cycle begun by change of level that has 
carried the land to a new position higher above baselevel. 

submergence: “drowning” 

The effect of relative downward movement of the land is most 
conspicuous along coasts, because there it consists of the submergence 
of valleys beneath the sea. The mouths of many of the larger valleys 
of the Atlantic Coast of North America are thus “drowned” (p. 239) , 
as are many valleys in southwestern Britain and northwestern France. 

Inland, downward movement of the crust is commonly accompanied 
by the accumulation of abnormally thick stream deposits. The sag- 
ging of basins such as the Salton basin (p. 152) may be accompanied 
by widespread and rapid filling with sediment. Downbending tends 
to reduce stream gradients on the floor of the downbent area, but at 
the same time it tends to increase gradients on the sides or flanks of 
the area, causing rejuvenation, as described below. 






SPENCB AIR PHOTOS. 


Fig. 322 , Incised meanders, San Juan River west of Mexican Hat, Utah, 
stream has been rejuvenated, incising the meanders to a deph of 1200 feet, 
the outcrops of horizontal resistant strata. 


REJUVENATION | 

Movements of any kind that increase the slopes of the land increase 
the rates of erosion of the streams affected, by increasing their 'gradi- 
ents. A stream given a markedly increased gradient by this means 
or any other is said to be rejuvcTia ted. i 

Incised Meanders. One of the most conspicuous effects of rejuven- 
ation is the incision of meanders. If the gradient of a meandering 
stream (p. 102) is increased so rapidly that the rate of lateral cutting 
by the stream can not keep pace with it, the stream is rejuvenated in 
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its meandering course. The meander loops are gradually excavated 
into a continuous winding gorge whose bends are separated by parti- 
tion-like, steep-w’alled projecting spurs (Fig. 322). These winding 
gorges are incised mearuiers, and are an indication that rejuvenation 
has taken place in the region wdiere they occur. 

The meanders can not remain deeply and narrowly incised for long. 
Lateral cutting is most rapid. against those slopes that face up the 
valley, while the stream tends to slip away from the slopes that face 
down the valley (compare Fig. 56). By this process the projecting 
spurs are destroyed and a new strath is cut. 



A B C D 


Fia. 323. Ci-oss-profiles of valleys showing that the effect of rejuvenation depends on the 
stage at which it occurs. 

A, old stream rejuvenated: effect very strongl.y marked. B, mature stream rejuve- 
nated; effect strongly marked; former strath cut into terraces. C’, young stream rejrxve- 
nated : effect barely perceptible in the spurs along the valley sides. D, very young stream 
rejuvenated; effect not registered. Compare Fig. 324. 

On every continent there are more large streams wuth incised 
meanders than with normal meanders. This striking fact furnishes 
one more proof of the instability of the Earth’s crust by recording the 
repeated upwarping of land masses and the rejuvenation of their 
streams. 

Nongraded Tributaries. Downcutting by a rejuvenated main 
stream, whether meandering or not, induces rejuvenation of the tribu- 
taries by lowering their points of junction with the main. Rejuvena- 
tion works headward up each tributary valley, essentially as a new 
gully works up a slope. At any time during this process, the long pro- 
file of the tributary is steeper in its lower part than farther upstream. 
Many of the tributaries to the Merced River, which drains the Yosem- 
itc Valley in California, have strikingly steepened i)rofiles as a result 
of rejuvenation of the Merced. 

Valleys with Composite Cross-Profiles. A rejuvenated stream 
normally excavates a new V-valley wutliin its former valley. If the 
latter is V-shaped, its cross-profile is scarcely altered (Fig. 323, D), 
but, if it had progressed into late youth prior to rejuvenation, the 
cross-]:)rofile of the new V-valley meets the profile of the old valley so 
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as to form a pronounced shoulder (Figs. 323, C; 324). If the valley- 
prior to rejuvenation -v'-as mature or old, the effect is very marked 





(Fig. 323, A, B). However, before such a composite cross-profile can 


C. R, Longtuell, U. S. Geological Survey. 


Fio. 324. East end of Boulder Canyon, southern Nevada. Note abrupt changes in 
slope of valley walls, suggesting two rejuvenations. The three inferred successive cross- 
profiles of the canyon are indicated by dashed lines. Coinirare Fig. 323. 


be safely ascribed to rejuvenation, it must be proved not to be con- 
trolled by differences of rock resistance to erosion (Fig. 70, p. 111). 

' Stream Terraces, A special type of composite cross-profile is repre- 
sented by stream terraces, bench-like flats which are present in many 


Geological Survey of Canada. 


i Fig. 325. Fill terraces along the Thompson River near Kamloops, British Columbia. 

I The terraces are dissected by gullies. 


valleys, and whose upper surfaces stand above the flood stages of the 
streams, thereby showing that they were not made under present 
regimens. 

Not uncommonly there are several terraces in series, rising away 
from the stream like two irregular flights of steps facing each other. 
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Generally they are small discontinuous remnants, but in some valleys 
they are continuous through long distances. Some {fill terraces, Fig. 
325) consist entirely of stream deposits, the remnants of former thick 
valley fills. Others {strath terraces) are former straths cut into bed- 



Fiq. 326. Paired strath terraces caused by rejuvenation, since which the stream has cut 
a wide strath. 

rock. Some terraces occur in pairs, each pair at a nearly uniform 
height above the stream (Fig. 326). The strath terraces are covered 
thinly with stream deposits laid down during the periods between the 
times of rejuvenation. 

On the other hand, some valleys contain terraces that are not 
paired, that is, that do not “match up” at a common height on both 



Fig. 327. Nonpairod fill terraces left by a downcutting stream that is meandering 
from side to side of its valley, encountering bedrock at various points. Dashed lines 
indicate the path followed by the meandering stream. The terraces arc numbered 1 to 5 
in the order in which they were cut. The present floor of the valley is trenched only by 
the stream channel. 

sides of the valley. Ordinarily such terraces occur along a stream that 
is swinging from side to side of its valley as it slowly lowers its strath. 
At various points the stream encounters the bedrock that constitutes 
the valley sides. Deflected by these resistant obstacles, it swings away 
and is prevented from undercutting the fill that lies vertically above 
and immediately downstream from each outcrop of bedrock. The fill 
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remnants remain as terraces (Fig, 327), which gradually increase in 
height as the stream continues to cut downward. However, lateral 
migration of the channel takes place so very slowly that stream erosion 
lowers the channel somewhat between the time when it deserts one 
valley side and the later time when it encounters the opposite side. 
In consequence, no two terraces on opposite sides of the valley will lie 
at the same elevation above the stream. 

Many nonpaired terraces have been formed by streams rejuvenated 
so gradually that they are able to swing widely as they cut downward; 
others may have been cut by streams which, having reached grade in 
an uninterrupted cycle (p. 81), slowly continued to lower their straths. 

Remnants of Upbowed Peneplanes. It may happen that rejuvena- 
tion does not occur until the earlier cycle has reached the peneplane 
stage. The completion of the ideal cycle depicted in Figs. 313-317, 
is followed (Fig. 318) by rejuvenation during which the peneplaned 
surface (upper dashed line) is bowed up high above baselevel (lower 
dashed line) . This permits the stream system to renew the work of 
excavation which had ceased under the old conditions. No new de- 
formation of the rocks is required, for, although the surface itself has 
been smoothed out during the earlier cycle, the structure below the 
surface remains. The folded strata of unequal resistance, which dis- 
appeared as relief features through the beveling effect of peneplanation, 
are still there, needing only rejuvenation to bring them again into 
prominence. Hence a simple broad upbowing such as has occurred 
repeatedly throughout the Earth’s history is all that is necessary. The 
sluggish streams are rejuvenated; they begin to cut actively, at the 
same time speeding up the process of mass-wasting over the whole 
surface. The weak rocks are again stripped away from the resistant 
rockS) which are left standing as prominent ridges. The tops of these 
ridges, which were beveled nearly flat during the earlier cycle, are 
wasted down so slowly and uniformly that during the early part of the 
second cycle they preserve the relative position of the former peneplane 
from which the intervening weak rocks have been cut away (Figs. 318, 
328) . The highest ridges of the Appalachian region are 'records of a 
former peneplane. Their beveled tops betray the fact that they are 
parts of a former continuous surface that stood close to baselevel, and 
that this surface was later dissected by erosion following rejuvenation 
(Fig. 319). 

In Fig. 318 the weak rocks in the two synclines are temporarily pre- 
served as ridges because they are protected by narrow caps of resistant 
rock. When these caps disappear by being undermined, the sjmclinal 
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ridges will be quickly destroyed. The completion of the second cycle 
will see a new peneplane (developed in the plane of the lower dashed 
line) . It will be much like that of Fig. 317 but will differ from it in 
at least two respects: (1) Monadnocks will be fewer because of the 
complete removal of the upper resistant layer from the two synclines. 
(2) The remaining monadnocks will be farther apart because the re- 
sistant layers will he intersected farther down the limbs of the anti- 



PiG. 328. Peneplaned mass arched tip to about 900 feet above sealevol and dissected 
to a stage of maturity in a . cycle that began with the uplift. The tops of the hills and 
ridges together form a remarkably even skyline. They are remnants of a peneplane that 
beveled several different kinds of rocks, all of them strongly folded. Restigouche River 
near Campbellton, New Brunswick. 

dines by the plane of the new baselevel. These ridges, apparently 
fixed in position, are in reality slowly migrating as they are eroded 
down the dip of the resistant strata of which they are composed. 

Superposed Streams. Many large streams cut across the strike of 
weak and resistant rocks without any regard to their structure. Such 
a discordant relationship, we have seen, may be brought about by 
crustal bending or folding across the path of a previously existing 
stream, in which case the stream falls into the class of antecedent 
streams. In Figs. 314-316 the antecedent character of the main stream 
is shown by remnants of the folded original land surface still preserved 
in some places. In Fig. 318, however, every vestige of the original 
folded surface has been destroyed, and consequently at this stage there 
is no means of proving the antecedent origin of the stream. But it is 
clear that the tops of the ridges record a former peneplane, and that 
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the main stream, formerly flowing on the peneplane, was incised in 
its present course through rejuvenation of the peneplaned land mass. 

An extensively eroded land area may be buried beneath later de- 
posits, so that these rest upon the underlying structure with angular 
unconformity (p. 387). Blankets of this kind have been formed in 
many regions by fluvial, glacial, volcanic, lake, and marine deposits. 



Fig. 329. The peneplaned land mass of Fig. 317 has been submerged, covered uncon- 
formably with horizontal sedimentary strata, and re-elevated, and new streams have 
formed on the uparched surface. 

Fig. 330. Later stage, after the streams of Fig. 329 have cut down through the uncon- 
formity into the discordant rocks beneath. The horizontal strata have been removed by 
erosion except along the tops of the resistant ridges. 

In time the streams that develop on the surface of such a blanket cut 
through it into the very different rocks and structure below, upon which 
they are said to be superposed (Figs. 329-330). The stream shown in 
Fig. 196 is superposed upon a denuded laccolith. Many of the large 
transverse streams in the Rocky Mountain region such as the Platte 
River system have been superposed from thick and extensive covers 
of alluvium. 

Small remnants of the overlying cover remain through part of the 
cycle as caps on the hills. As long as they remain, they testify to the 
manner in which the streams acquired their discordant courses, but 
after they have been stripped away it may be very difficult to deter- 
mine wdiether the nonadjusted streams, cutting w^ater gaps through 
ridges of resistant rock, were antecedent to the structures they cross, 
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were let down upon them through the rejuvenation of a peneplaned 
region, or were later superposed upon them. Discrimination is impor- 
tant because it may involve wide differences in the dates we infer for 
the origin of the nonadjusted streams. In either case, we find in both 
kinds of streams still another evidence of the instability of the crust, 
and of the complexity of sculpture of the lands to which crustal move- 
ments give rise. 


Stream Capture; Wind Gaps. A water gap abandoned by the 
stream that cut it, and therefore left as a streamless notch in a ridge, 



Fig. 331. Dolls Gap, West Virginia, a wind gap in New Creek Mountain, an anticlinal 
ridge of resistant sandstone. The gaps shown in Fig. 319 and Fig. 331 are related to each 
other in the manner shown in Fig. 334. 


is a wind gap (Fig, 331). Water gaps become wind gaps commonly 
as the result of capture of the gap-cutting streams by siibsoqucnt 
streams whicli, occupying belts of weak rock, can erode very rapidly. 
This process is illustrated by Snickers Gap in the Blue Ridge of Vir- 
ginia 15 miles south of Harpers Ferry. The floor of this wind gap 
hangs 700 feet above the Shenandoah River at the west base of the 
ridge. A small stream, Beaverdam Creek, heads at the east base of 
the ridge and flows cast. During an earlier cycle the land around the 
base of the Blue Ridge stood as high as the floor of Snickers Gap, which 
contained a transverse stream, the ancestral Beaverdam Creek (Fig. 
332) , But the much larger transverse ancestral Potomac River, which 
crossed the ridge 15 miles farther north, was able to cut its gap down- 
ward much more rapidly into the resistant rocks that formed the ridge. 
The Shenandoah, a subsequent stream tributary to the Potomac, was 
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thereby given a relatively steep gradient, and so lengthened its valley 
headward toward the south, wore down the divide that separated it 
from Beaverdam Creek, and captured the latter by diverting its water 
toward the Potomac (Fig. 333). Thus in consequence the gap was 
abandoned, and the shortened creek (the present Beaverdam Creek) 
was confined to the area east of the Blue Ridge. As the Shenandoah 
and the small streams east of the ridge continued to cut downward, 
the ridge was left standing in greater relief, with the abandoned gap 
high and dry. 

Some wind gaps may have been formed by relatively weak streams 
which, affectecl by folds and faults athwart their courses, were able to 



dimension of block about 25 miles. Vertical dimension exaggerated. 


Fig. 332. Former drainage across the Blue Ridge in northern Virginia. 

Fig. 333. Present drainage resulting from beheading of Beaverdam Creek by the subse- 
quent Shenandoah. Note increase in height of the ridge as the weak-rock areas adjacent 
to it are wasted away by erosion. 

maintain their original courses only for a time and were then forced 
to abandon them. On the other hand, some ridges have notches in 
them that were made by small streams and mass- wasting processes 
localized along transverse joints, faults, and other structures. These 
must be carefully distinguished from wind gaps. 

Stream capture like that outlined above occurs repeatedly during the 
adjustment of a large stream system to belts of weak rock. Capture 
occurs also in several other ways, two of which are explained on pages 
105 and 115. 

History of Complex Land Forms 

Thus far we have examined land forms sculptured by some one 
process only, in simple rocks of simple structure during one or at most 
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two cycles. In many regions land forms have a more complex origin, 
but still they can be understood by applying to their study the same 
principles used in interpreting simpler forms. We can best understand 
these complex features by seeing actual examples, and can begin with 
those characteristic of the Appalachians. 


HISTORY OF THE APPALACHIANS 

The central part of the Appalachian region as we see it today con- 
sists chiefly of long parallel ridges formed by the outcrops of resistant 



Fia. 334. Ideal segment of a part of the central folded Appalachian region, The main 
stream is nonadjusted, trenching seven ridges of resistant rock through seven water gaps 
(Wr(?). A former .stream course, long abandoned, is indicated by a wind gap (VFdG). 
The present tributaries are subsequents (NS). Control by three successive baselevels 
(/ , B, S) is indicated by accordant ridge tops, an accordant group of hilltops in the weak- 
rock belts, and the present stream profiles. Compare Fig. 318. 

rocks, such as sandstones and conglomerates, in a strongly folded sedi- 
mentary series (Fig. 334). Most of the ridges, though narrow, have 
even summits, broken here and there by water gaps (WrG) and wind 
gaps {WdG). The tops of the ridges reach a common plane {1, Fig, 
334) , whereas the lowlands {2, Fig. 334) between the ridges are a net- 
work of small hills whose summits are nearly accordant. They are 
drained by small streams which flow into larger meandering subsequent 
streams [SQS, Fig. 334) following the strike of the strata, and all the 
meanders are incised. The subsequents in turn are tributary to great 
streams that flow southeast indiscriminately across resistant-rock 
ridges and weak-rock valleys. These streams are the Delaware, the 
Susquehanna, and the Potomac. 

With these facts in mind, how much of the Appalachians’ erosional 
history can we reconstruct? a period of strong deformation, as 

revealed by the great folds whose eroded stumps appear in the ridges. 
Erosion must have begun during the folding and have continued 
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throughout at least one long cycle, resulting at length in a peneplane. 
This we know because the resistant rocks in the folded series have been 
beveled down nearly to a common plane. Of course these rocks did not 
exist as high ridges during the peneplane stage, but were merely gentle 
swells on a low gently undulating surface near sealevel. Second, slow 
upbowing of the whole region, beginning a second cycle by rejuvenat- 
ing the streams, most of -which, being already in weak-rock courses, 
excavated the weak rocks again, leaving the resistant strata once more 
projecting as ridges. The gap (WdG) must have been converted from 
a water gap into a wind gap early in this second cycle, because its floor 
lies between the altitudes of surfaces 1 and 2. Abandonment of the 
gap occurred probably through capture of the gap-cutting stream by 
a weak-rock subsequent {S; see also Figs. 332, 333). The new surface 
{2) was of more restricted extent because of the great quantity of re- 
sistant rock remaining unreduced in the ridges. Third, another up- 
bowing, rejuvenating the streams and causing them to incise their 
meanders and with the aid of their tributaries to dissect their former 
valley floors (2) into the present network of small hills. 

Events of this kind, reconstructed through study of land forms, have 
occurred in the Appalachian region. Because geologists are not agreed 
as to the number of rejuvenations that have affected this region, the 
number shown here is not of essential importance. The underlying 
principle of successive rejuvenations is unaffected by the number of iip- 
warpings that may have occurred. 

The main transverse streams (one of which is shown in Fig. 319) are 
not adjusted to the structure and have clearly been in this condition 
since before the date of the peneplane {1, Fig. 334). How they origi- 
nally acquired their transverse courses has not yet been fully estab- 
lished. Neither is there agreement as to the date at which each surface 
was formed, but the whole sequence of events from the folding of the 
strata down to the present required about 200 million years. 

It is evident that, in a region like that described, the highest ridge 
tops record a widespread peneplane, whereas the tops of the low hills 
record that at a later time only the weak-rock areas were reduced to 
form a surface close to baselevel. The difference between the higher 
peneplane and the lo-v^er “uncompleted peneplane” is only one of de- 
gree. Where the degree of perfection and the extent of a former surface 
can not be inferred from the still-existing remnants of it, the con- 
venient though somewhat ambiguous general term erosion surface is 
frequently applied. 
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HISTORY OF THE PARIS BASIN 

In northern France lies a region composed of alternating weak and 
resistant layers of marine sedimentary rock bent down into a broad 
shallow syncline and considerably eroded. The outcropping edges of 
the resistant strata give the whole basin the appearance of a low stack 
of dishes, each dish smaller than the one underneath it (Fig. 335). 




PAHi3 


Fig. 335, The Paris Basin, develoiied in a shallow syncline. Each of the outcropping 
resistant strata forms a prominent cuesta. The River Seine is shown with its partly 
adjusted tributaries. Length of front of block 200 miles. 


Paris lies in the uppermost dish, which derives its title of lie de France 
from the fact that its rim was once believed to be a wave-cut cliff mark- 
ing the shore of a former island. The drainage pattern, like that of the 
Appalachians, consists of main streams (the Seine system) out of ad- 
justment with the symmetric structure, and tributary streams some of 
which are adjusted to the weak-rock belts beyond the edges of the re- 
sistant strata. 

Upon first examination one might infer that the edges of the dishes, 
like the synclinal troughs in Fig. 314, were the immediate consequence 
of the downbending. But the edges are beveled, like the far higher and 
more resistant ridges in the Appalachian region: they are therefore 
remnants of a former peneplane and are not first-cycle forms but 
second-cycle forms. The history of the region was somewhat as 
follows : 


1 
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After the sedimentary rocks were laid down in a former shallow sea, 
they were gently bent so as to form a broad syncline and were lifted 
above sealevel. Erosion at length reduced the entire area to a pene- 
plane, beveling weak and resistant rocks alike. On this peneplaned sur- 
face the major streams followed the nonadjusted courses they have at 
present, although how they acquired these courses is not certain. 

The peneplane was then bent upward, and the streams were rejuve- 
nated, causing the headward growth of a new generation of valleys 
along the weak-rock belts, forming a right-angled drainage pattern. 
Excavation of these valleys left the resistant rocks standing in relief 
as cuestas, which differ from hogbacks (p. 486) only in that they are 
formed by gently dipping instead of steeply dipping strata. 

The growth of subsequent streams has resulted in partial adjustment 
of the streams to the weak-rock belts; but the major streams still 
pursue the nonadjusted courses they inherited from the peneplane re- 
corded by the beveled tops of the cuestas. 

The concentric arrangement of cuestas brought about by the basin- 
like structure gives the French capital a unique series of natural forti- 
fications. Furthermore, because of variations in the dip and character 
of the strata, cuestas are more strongly developed on the east side of 
the basin than on the west. This arrangement was of great advantage 
to the Allied armies on the Western Front during World War I, because 
it presented a series of difficult natural obstacles to the armies of the 
Central Powers, advancing from the east. 

HISTORY OF THE BLACK HILLS 

The Black Hills in southwestern South Dakota (Fig. 336) are a 
mountain mass 100 miles long and 50 miles wide. The highest peaks 
stand 4000 feet above the surrounding territory. The center consists 
of a core of ancient metamorphic and igneous rocks locally cut by much 
younger igneous intrusions. Belts of sedimentary rocks chiefly of 
marine origin cut by the same intrusions arc arranged symmetrically 
around it, dipping away from the central mass and neatly framing it. 
The frame of sedimentary rocks is made more distinct by the fact that 
the upturned edges of the more resistant strata form hogbacks and 
cuestas whose scarps face the central mass. The lowlands between the 
cuestas arc drained by subsequent streams, which in turn are tributary 
to larger streams that radiate outward in all directions, cutting water 
gaps through the cuestas. The hogbacks and all but the highest ridges 
and divides on the central mass are beveled by an erosion surface re- 
sembling an imperfect peneplane. Here and there remnants of a once 




Fig. 336 . Perspective view of the Black Hills, looking north. The drawing has 
been pulled apart to show, in much generalized form, the geologic structure along a 
west-east line through its middle part. Length of geologic section about 80 miles. 


The Hills are seen to be developed on a large dome, breached, and surrounded by 


hogbacks and cuestas made by outcropping resistant sedimentary strata. 


continuous veneer of stream-deposited conglomerate, sandstone, and 
shale lie unconformably upon it. 

From these data we can reconstruct the chief events in the history of 
the Black Hills. In shallow seas that formerly covered the entire area, 
the marine sedimentary strata were built up on the surface of the 
J ancient rocks. The whole mass was then arched up into the form of 

' 1 a great dome. The arching was accompanied by intrusions of magma, 

: some of which formed small laccoliths, making subsidiary domes in the 

; sedimentary rocks here and there. 

Streams developed on the great dome, flowing off down the slopes 
and forming a pattern like the spokes of a wheel. The dome was 
breached (Fig. 315). Subsequent tributaries developed and cut their 
valleys headward along the strike of the weak layers of sedimentary 
rocks, leaving the resistant layers standing out as hogbacks and cuestas, 
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each of which migrated steadily outward down the dip of the strata as 
erosion continued, thus laying bare more widely the central core. 

The cycle begun by the updoming resulted at length in the reduction 
of the area to an incomplete erosion surface truncating the dome, and 
leaving a central group of monadnocks composed of the ancient base- 
mt'nt rocks. While the erosion surface was being cut, the streams de- 
posited gravel and sand upon it, shifting their courses and gradually 
building up a blanket of fluvial sediment that covered the surface, 

A second updoming rejuvenated these streams, and as they cut down 
once more they became superposed from the unconformable cover onto 
the more complex structure below. If we disregard minor rejuvenations 
recorded by strath terraces, we may say that the streams are still in 
the cycle started by this uplift, and that they have thus far only par- 
tially adjusted themselves to the weak-rock outcrops on the surface on 
which they were superposed. Bits of the erosion surface are preserved 
at the tops of many of the divides, some of them still capped by ragged 
remnants of its unconformable cover. 

The history of the Rocky Mountains in Colorado and Wyoming is 
similar in many respects to the history of the Black Hills. The evolu- 
tion of the Rockies has been complicated, however, by the introduction 
in the higher ranges of a cycle of valley glaciation (p. 188) now in its 
waning stage. Glacial sculpture has imparted a serrate skyline to the 
high Rockies which is lacking in the nonglaciated Black Hills. There 
is evidence that the evolution of both the Rockies and the Black Hills 
from their folding to their present condition has required some 60 mil- 
lion years. 

DISSECTED plateaus; THE GRAND CANYON REGION 
The land forms of the Grand Canyon region, although sculptured 
from structures much simpler than those of the Appalachians, the Paris 
Basin, and the Black Hills, are more impressive because of their great 
size. The initial land mass which is being carved up is a great plateau 
that extends over much of Utah, Arizona, New Mexico, and western 
Colorado (Fig. 289, p. 451). The underlying rocks consist of both 
marine and nonmarine sedimentary strata that have been lifted thou- 
sands of feet with little deformation. Here and there the nearly flat- 
lying beds are interrupted by faults and flexures of minor significance 
compared with the plateau mass as a whole. 

The surface of the plateau in the vicinity of the Grand Canyon is a 
well-developed erosion surface that bevels the minor irregularities in 
the strata. Into this peneplaned surface the Colorado has incised its 
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canyon (Fig. 290), with a course not adjusted to the structure repre- 
sented by the flexures and faults. On the peneplane the stream evi- 
dently followed this course, in which it persisted when the surface was 
bent broadly upward to form the plateau. The cause of the discordant 
course upon the peneplane is not certainly known. The uplift of the 
peneplane to a height of 6000 to 8000 feet above sealevel began the 
present ‘^canyon cycle” of erosion, during which the rejuvenated Colo- 
rado has cut a gash locally more than a mile deep and 220 miles long. 
In spite of the tremendous depth of excavation, the canyon cycle has 
not yet progressed beyond the stage of youth. The tributaries have not 
worked far headward from the main stream and have succeeded in 
making but little impression on the vast plateau surface. Near the 
river, where dissection is greatest, divides between the tributaries have 
been reduced to narrow spurs, and some of the spurs have been carved 
up into huge strings of pyramids by mass-w^asting graded to the tribu- 
taries (Pig. 290) . Many of the pyramids are of mountainous size and 
would certainly be described as mountains if their origin as detached 
remnants of the near-by plateau were not so obvious. 

The excavation of the canyon after the uplift of the peneplaned mass 
may not have required much more than a million years. After a far 
greater time has elapsed, however, the tributaries will have cut their 
valleys so far headward as to carve the plateau into a network of ridges 
and residual remnants, destroying the identity of the plateau and con- 
verting it into an intricate maze of buttes and spurs of mountainous 
size. 

This process gives us a key to the origin of many masses commonly 
described as mountains, such as the Catskill Mountains, the Allegheny 
Mountains, and the mountains of central Idaho. In the first two the 
rocks are essentially horizontal strata, whereas the rocks of the Idaho 
mountains are chiefly massive granite. In all three regions, however, 
the summits lie near a common plane. It is evident that such masses 
as these are merely dissected plateaus (p. 453). 

HISTOHY OF THE GREAT LAKES REGION 

The Appalachian region, the Paris Basin, the Black Hills, and the 
plateaus of the Grand Canyon region show us that two or more cycles 
of erosion have had a hand in the modeling of many of the land forms 
of today. In each of the four regions described, the cycles were brtnight 
to an end by rejuvenation, permitting the same process, fluvial erosion, 
to operate on them anew. The Great Lakes region, on the contrary, has 
had a different history. The region as a -whole is a great plain whose 
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surface consists chiefly of glacial drift left by the invasion of broad ice 
sheets (p. 191) . The plain is interrupted by the basins of the several 
Great Lakes. The drift (Eig. 130, p. 187) , although very thick in some 
places, is so thin elsewhere that it fails to mask the topography of the 
bedrock beneath it. 

From a study of this topography, supplemented by data gained from 
the records of thousands of well-borings, we can reconstruct the land- 
scape as it was before the ice sheets flowed slowly down from the north 
and covered it. The elongate basins now occupied by the lakes were 
then large stream valleys belonging to one or more well-developed sys- 
tems fed by an intricate network of tributaries. The topography, in 
a stage of late youth or early maturity, may have resembled that of 
central Kentucky and Tennessee today. If glaciation had not occurred 
this region would have continued to evolve through the cycle on which 
it had begun. 

But the advent of the ice sheets introduced a second (glacial) cycle, 
during which the former large stream valleys were converted into lake 
basins by a combination of glacial erosion, local warping of the crust, 
and the heaping up of glacial deposits to form dams. AVhen the ice 
sheets melted they left the surface so profoundly altered that a third 
(fluvial) cycle was instituted. The principal valleys of the former 
stream system were filled with glacial deposits, and many of them were 
entirely obliterated. The runoff was forced to follow courses conse- 
quent upon the newly made surface, substituting a new drainage pat- 
tern for the old. 

The Great Lakes region therefore affords an example of a three-cycle 
development of a group of land forms in -which the second and third 
cycles were introduced not by rejuvenation but by change of process. 
The glacial (second) cycle has left an impress upon the present (third) 
cycle tliat can not be obliterated for a long time to come, because even 
though the glacial deposits should be completely removed by erosion, 
the streams developed on their surface would inevitably be superposed 
on the underlying bedrock, with which they would be out of adjustment. 
The former presence of the unconformable cover could therefore be 
inferred even though it had been entirely stripped away. 

Conclusion 

The foregoing discussion brings out the fact that land forms are the 
response of the surface of the land to various processes acting for vari- 
ous lengths of time upon various kinds of rocks having various struc- 
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tures. Alter one of these factors and the resulting land forms will be 
different. The process factor depends chiefly on climate. Thus a 
change from a moist climate to a dry climate may cause the develop- 
ment of interior drainage, change the dominant type of mass-wasting 
from soil creep to talus creep, and increase the efficacy of the wind as 
an agent of erosion, whereas a change from a temperate climate to a 
cold climate may freeze the water into perennial ice and bring on a 
cycle of glaciation. 

The general character of the rocks likewise is of vital importance 
to the land forms modeled by any of the erosional processes. For 
example, the landscape sculptured from a mass of weak rocks elevated 
only slightly above the sea can never acquire bold relief even in ma- 
turity, because gradients are small at the outset. On the other hand, 
resistant rocks lifted high above sealevel will be cut by valleys with 
steep gradients and steep sidewalls, which yield very slowly to the 
changes wrought by erosion during the progress of the cycle. 

Thus it appears that the seemingly unending variety of landscape is 
controlled in reality by comparatively few factors, and that variations 
in these factors result in the differences in scenery that lend enjoyment 
to travel and add to the value of human existence. 
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MINERAL RESOURCES 
Relation op Mineral Resources to Geology 

Modem civilization is strikingly dependent on mineral products. 
The mineral industry is second in importance only to agriculture. The 
world’s mineral resources were more heavily drawn upon in the first 
quarter of the present century than in all previous history. The re- 
sources are being consumed at an unprecedented rate. Practically, 
this draft on our mineral resources means that the known deposits are 
being rapidly depleted and that in order to maintain the high rate of 
production new deposits must be discovered fast enough to keep pace 
with exhaustion. The depletion of our domestic mineral resources was 
greatly accelerated by the enormous demands of World War IL 

The easily found mineral deposits of economic value have already 
been discovered, so that more ingenuity and more work are necessary 
to find new deposits. Therefore the cost of discovering new deposits is 
steadily rising. It is the counsel of prudence, then, to enlist all possible 
aids to minimize the financial risks of exploration. The application of 
the principles of geology to the search for valuable mineral deposits is 
one of the main functions of economic geology. Powerful auxiliaries 
to aid in this search have been developed, notably the seismograph for 
“seismic prospecting,” the torsion balance, and other geophysical in- 
struments. We call these instruments auxiliaries advisedly, because the 
results obtained by means of them must be interpreted in the light of 
the geology of the area examined before they can be practically used in 
finding valuable mineral deposits. 

More important even than the aid given by applied geology in find- 
ing new deposits is the power it gives to guide intelligently the develop- 
ment and exploitation of the deposits already found. 

A mineral deposit of economic value is a concentrated body of sub- 
stance that originally was thinly scattered through one of the envelopes 
of the Earth. A coal bed is made up of carbon that has been concen- 
trated by the photosynthetio power of plants from the carbon dioxide 
thinly diffused throughout the atmosphere ; an oil pool is an accuiniila- 
■■ 510 
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tion of petroleum generated from carbonaceous matter thinly scattered 
through certain sedimentary strata; an iron-ore deposit is a concen- 
trate of iron that was disseminated through the Earth’s crust. The 
problem of how valuable mineral deposits have been formed is in es- 
sence, then, the problem of how the scattered material was assembled. 
It is mainly from this point of view that the following account is writ- 
ten. All the major geologic processes— including igneous action, sedi- 
mentation, metamorphism, weathering, and stream transport — have 
under certain circumstances brought about valuable concentration of 
minerals. 

Coal 

Coal is the chief mineral fuel. The per capita consumption in the 
United States, having risen from 2.5 tons per year in 1890, has recently 
shown a tendency to become stabilized at 5 tons per year. Although 
coal is a far more prosaic resource than gold or the industrial metals, it 
vastly outdistances them in value. The Pittsburgh coal bed is the most 
valuable single mineral deposit in the world. In Pennsylvania alone it 
has already yielded $6,850,000,000. Nearly 4000 million tons of coal 
have been mined from it in Pennsylvania (without including West Vir- 
ginia, Ohio, and Maryland), and in 1948 it still contained in Pennsyl- 
vania 6800 million tons of recoverable coal. 

Occurrence and Nature of Coal. Coal is a compact mass of car- 
bonized plant debris. Peat, the embryonic form of coal, has already 
been described as to mode of origin (p. 155) . It ranges from a brown to 
yellowish matted mass of interlaced fibrous vegetal matter, greatly 
resembling compressed tobacco, in the upper part of the accumulating 
bed, to a dark brown or black homogeneous mass, much resembling 
clay when wet, in the deeper, lower part. Between peat and the most 
matiu’e coal, anthracite, there exists a complete series of gradational 
varieties of coal. This gradation led to the conclusion that coal, no 
matter how structureless and amorphous it may appear, consists of 
carbonized plant remains. This conclusion has now been fully con- 
firmed by the results of modern microscopic study, which show that 
coal is not amorphous but consists of plant debris in various stages of 
alteration. Fragments of wood, bark, leaves, roots, spores, secdcoats, 
and lumps of resin can be recognized in coal. Even in such highly car- 
bonized material as anthracite the plant ingredients can be made visible 
and, unexpectedly enough, are found to be so well preserved that the 
species of many of the plants can be identified. 
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Coal occurs as beds, which as a rule are inclosed between sandstones 
and shales (Fig. 337) . The occurrence of coal in strata of this kind 
hai’monizcs with other evidence that the vegetal matter from which 
the coal was formed accumulated in swamps. Limestones are rare, 
either immediately above or below a coal bed. Where they do occur, 
they indicate that the swamp was near the sea and at scalevcl and 


M. R. Campbell, V. S. Geological Survey. 


Fm. 337. Coal bed, 8 feet thick, containing two clay partings. Glen dive, Montana. 


therefore likely to bo inundated by the temporary incursions of the sea. 
During such an incursion the coal-forming debris becomes buried under 
marine sediments. This has happened many times during the making 
of the British coal fields. Many important coal fields, however, such 
as the Saar, extending from Lorraine eastward into Germany, were 
formed in inland basins. 

Most coal beds are underlain by a layer of clay, the underclay, 
which, because it contains the roots of plants, is interpreted as a fossil 
soil. Stumps of large trees, whose root systems penetrate the under- 
clay, are abundant in some coal fields. These features support the pre- 
vailing idea that most coal beds have been formed from plant matter 
that accumulated where it grew. 
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Thickness of Coal Beds. Coal beds range from hardly more than a 
carbonaceous film to hundreds of feet in thickness. Some are of small 
extent, but others persist over thousands of square miles. The bitumi- 
nous coal beds in Pennsylvania (about 60) range up to 100 feet in 
thickness; but most of them are from 1 to 4 feet thick. About ten are 
extensively mined. The anthracite beds on the average are much 
thicker, the thickest bed being 114 feet, of which 105 feet is clear coal. 

In Germany some of the beds of brown coal are more than 300 feet 
thick. 

Chemical Composition of Coals. The composition of a coal is cus- 
tomarily ascertained in determining its value as a fuel, and in the 
ordinary analysis the following constituents are reported: (1) fixed 
carbon, the carbon that is left after the volatile matter has been driven 
off; (2) volatile matter, mainly combustible hydrocarbons (‘'gas”) but 
including some inert gases, such as carbon dioxide; (3) moisture; (4) 
ash; and (5) sulphur. The heating value of a coal depends on its con- 
tent of fixed carbon and volatile combustible matter. Moisture, ash, 
and sulphur are undesirable ingredients. 

Coals containing much ash are said to be low grade. The better- 
grade coals carry less than 10 per cent of ash. 

Classification of Coals by Ranks. Coals are classified according to 
ranks on the basis of their fixed-carbon content and their physical 
properties. Four groups of coals are recognized, in order of increasing 
rank as follows: I, lignitic; 11, subbituminoiis ; III, bituminous, and IV, 
anthracitic. There is a continuous gradation from the lowest-rank to 
the highest-rank coal; consequently the divisions between them are 
necessarily arbitrary. 

The lowest-rank coals are the lignites, so called in reference to their 
obviously woody appearance, or brown coals, in reference to their color. 
These immature coals when taken from the mine may appear to be per- 
fectly dry, yet they contain 30 to 40 per cent of water. On exposure 
they lose most of this water; they slack and crumble to pieces and be- 
come dangerously subject to spontaneous ignition. 

Subbituminous coals constitute the next higher group. Their black 
color and lack of woody structure distinguish them from lignites, ■ and 
their tendency to slack distinguishes them from the bituminous coals. 
The next higher-rank coals are the bituminous. They do not slack on 
exposure. They generally have a layered or “banded” structure and 
show a cross-]' ointing — a prismatic jointing perpendicular to the band- 
ing. The low-volatile members of this group comprise the coals of 
highest calorific value, surpassing even the anthracites. 
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The highest-rank coal is anthracite, distinguished physically from 
bituminous coal by its conchoidal fracture and absence of cross-joint- 
ing. Water and volatile matter, are extremely low, and nearly all the 
carbon is fixed carbon. Anthracite because of its low volatile content 
is smokeless during combustion; and this feature together with its 
cleanliness makes anthracite the ideal coal for domestic use. 

The increase in the rank of a coal, then, is marked by progressively 
larger content of fixed carbon and by decreased content of water and 
volatile matter. 

Relation between Rank and Geologic History o£ Coal. Coal has 
been formed in all the geologic periods since the Devonian, when a flora 
first became established on the lands. Most coal was formed in forested 
swamps. The requisite conditions for a coal bed to form are at least 
two: (1) the swamp must be stagnant, hence poorly ventilated, thus 
preventing the plant debris from oxidizing to carbon dioxide; and (2) 
the swamp must be slowly sinking, thus permitting progressive accumu- 
lation of the plant remains. 

The nature of the environment in which a coal bed was formed is 
inferred from the botanical character of the coal-forming flora and 
from the character of the inclosing sedimentary strata. For example, 
the Eocene brown coals of Germany w^ere formed under tropical condi- 
tions, as inferred from the presence of rubber-bearing trees, whereas 
the younger brown coals of Germany, since they contain much conif- 
erous wood (Sequoia), evidently accumulated under conditions differ- 
ing greatly from those of the older coals. Modern analogues of coal- 
forming swamps are the warm-temperate Dismal Sw^amp of Virginia 
and North Carolina, a cypress swamp originally 2200 square miles in 
extent; the subtropical Everglades of Florida of 10,000 square miles; 
and the dense mangrove coastal swamps of tropical Sumatra and north- 
eastern Borneo. 

Plant matter changes into coal in two stages, a biochemical and a 
geochemical. The biochemical stage consists of a bacterial fermenta- 
tion (p. 155), which sooner or later is arrested by the toxic products 
formed during the bacterial activity. The substances of which the 
][)Iants are composed, a dozen or so, are destroyed during this fermenta- 
tion in a definite order: the protoplasm, the most sensitive, disappear- 
ing first, and the waxes and resins, the most resistant, last. Accord- 
ingly, the duration and intensity of the biochemical stage determines 
how much of the various plant substances becomes the ingredient ma- 
terial of the future coal. The composition thus acquired influences 
somewhat the later history of the coal. 
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The later changes in the coal are termed geochemical, because tliey ; 

are brought about by geologic activities. Time was regarded formerly 
as an important factor in causing coal to advance in rank. However, 
one of the oldest coals, near Moscow in Russia, some 300 million years ' 

old, is still in the condition of lignite. Much evidence indicates that i 

coal matures rapidly, geologically considered. In nearly all coal fields 
the deeper coals contain less volatile matter and more fixed carbon i 

than the upper beds. This relationship is known as Hilt’s law, but the i 

rate of increase in fixed-carbon content differs in different fields. It is I 

probably a geothermal effect, as previously pointed out in Chapter 17. ! 

Folding involving internal deformation within the coal bed is ap- 
parently necessary to bring about advances to the higher ranks. An- • 

thracite generally occurs in strata that have been closely folded. How^- 1 

ever, coal beds have been acutely folded wfithout change in rank, prob- i 

ably because of insufficient confining pressure to cause metamorphism. 

Under severe deformation, as in Rhode Island and the French and Swiss ^ 

Alps, the coal tends to become graphitic and hence incombustible. < 

Coal, then, is sensitive to metamorphism; in fact, it is far more sen- ! 

sitive than other rocks in the Earth’s crust and gives evidence of meta- 1 

morphism long before the associated strata show any effects. By means 
of chemical analyses the changes in the eoals brought about by meta- ' 

morphism can be determined accurately; and, as many analyses of 
coals are available in most coal fields, regional variations in the in- ■' 

tensity of metamorphism can be shown on a map. li; 

Where coal and oil occur in the same area, practical use is made of f 

coal as an indicator of metamorphism in the search for oil. Experience 
has shown that, in those tracts where the coal has been devolatilized so [ 

that the fixed-carbon content exceeds 65 per cent, oil is not likely to be I 

found, and exploration in the direction of increased fixed-carbon con- f 

tent is therefore unprofitable. i 

Goal Reserves of the Nation. The extent of our unmined coal re- 
serve is a matter of great national interest. In computing the amount 
of this reserve several assumptions must be made — and should be 
clearly pointed out so that the estimate will have definite moaning. 

Some of these assumptions are (1) the extreme practicable depth of 
mining, here taken to be 3000 feet; (2) the minimum thickness of the 
coal beds that can be included in the estimates; (3) maximum ash con- 
tent permissible — 30 per cent is the figure adopted, which admittedly 
includes very low-grade coal. The national reserve of coal is estimated 
to be 3500 billion tons. Some 700 billion tons more are estimated to lie i 

below the surface from 3000 feet to 6000 feet. The staggering total, ! 
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4200 billion tons, will last for several thousand years, on the assump- 
tion that the present rate of consumption will continue. The higher- 
rank coals, especially those close to industrial centers, are likely to be 
exhausted, however, in the foreseeable future. 

At the present time the coal reserve is regarded as constituting our 
most likely substitute reserve for petroleum when our petroleum re- 
serves are exhausted. Coal can be liquefied to yield a crude petroleum, 
and this can be distilled to yield gasoline. According to present knowl- 
edge the coals most suitable for this processing— hydrogenation — are 
those of subbituminous rank (800 billion tons, equivalent to 800 billion 
barrels of gasoline), practically all of which are in Wyoming, Montana, 
and the Dakotas. 

Oil and Gas 

Oil, or petroleum as it is more formally called, consists of gaseous, 
liquid, and solid hydrocarbons in mutual solution. As there are many 
of these hydrocarbons (compounds of carbon with hydrogen) and as 
they are mixed in various proportions, the oils differ markedly in the 
various oil fields. A distinction is commonly made between light oils, 
those much lighter than water, and heavy oils, which are near water 
in specific gravity. The light oils have a higher content of gasoline 
than the heavy oils. As the gasoline content influences the commercial 
value, the light oils command a higher price per barrel than the heavy 
oils. 

Requisite Conditions for the Occurrence of Oil. Four conditions 
must be fulfilled in order that oil can accumulate in the rocks. First a 
source rock must be present which contains the necessary carbonaceous 
matter from which the oil can be formed. Apparently it is necessary 
that this carbonaceous matter should consist of plant remains of a 
special kind high in hydrogen, such as spores, which thus supply the 
hydrocarbons of which petroleum is composed. As a result of experi- 
ence it appears that marine bituminous shales are the most common 
source rocks ; limestones are rarely source rocks. Why rocks of fresh- 
water origin should not give rise to valuable accumulations of oil has 
not yet been ascertained, but the fact of their unfavorable nature is of 
great practical interest, for it excludes from consideration areas under- 
lain by such strata because they are most unlikely to contain valuable 
accumulations of oil. 

The second requisite is a reservoir rock in which the oil can accumu- 
late. Most commonly the reservoir rock consists of sandstone, whose 
pores are large enough to allow the oil to move freely through it. Less 
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commonly limestone and dolomite serve as reservoir rocks. In sand- 
stones the average pore space is 15 per cent, and the range is from 5 to 
40 per cent; in other words, a sandstone of maximum porosity can hold 
eight times' as much oil as one of minimum porosity. 


The third requisite is, a favorable structural arrangement of the 
strata, which is the condition that determines the place where the oil 



Modified from Hewett and Luptm, U. 8. Geological Survey. 


Fig. 338. Gas, oil, and water as they occur in an anticline. Gas, being the lightest, 
occupies the crest of the arch; oil, being heavier, lies below the gas; and water, the heaviest 
of all, is at the bottom. 

collects in the reservoir rock. The simplest form of such a favorable 
geologic structure is an anticline. It was the first structure that was 
recognized as controlling the accumulation of oil, but now nearly 
twenty kinds of structural traps are known to occur in the world’s oil 
fields. 

The fourth requisite is an impervious layer, generally shale or clay, 
which overlies the reservoir stratum, and which with the structural 
arrangement forms a structural trap in which the oil is held. 

All four conditions are fundamental for the occurrence of oil; without 
any one of them commercial accumulations of oil are impossible. In- 
asmuch, however, as structure controls the actual underground position 
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of an oil accumulation, and therefore in geologic practice the structure 
is determined as accurately as possible in advance of putting down a 
well, the structural requisite is of major practical importance. The 
mode of occurrence of oil in an anticline is shown in Fig. 338. 

If, because of insufficient pressure, free gas occurs with the oil (under 
heavy pressure all the gas would be dissolved in the oil) , there will be 
this triple arrangement: gas fills the pore space in the reservoir rock in 
the arch of the anticline; below it oil fills the pore space in the reservoir 
rock; and below this occurs water, generally so charged with salts as to 
be termed a brine. The fluids are thus arranged according to their 
specific gravities: the brine, which is heaviest, is at the bottom; and 
the gas, which is lightest, is at the top. The oil that fills the pores in 
the body of porous rock forms what in popular parlance is called the 
‘‘oil pool.” 

If the sedimentary strata contain no water, the oil instead of occupy- 
ing the crests of the anticlines occurs in the bottoms of the synclines. 
Numerous favorable traps have resulted also from movements on faults 
that have brought impervious against pervious strata. 

Kecognition of the requisite conditions governing the accumulation 
of oil makes it possible to block out in a given territory those areas that 
do not contain oil and those that possibly contain oil. Areas of igneous 
and metamorphic rocks, except under most exceptional conditions, con- 
tain no petroleum, and areas of nonmarine strata, although they may 
contain oil, are in general highly unfavorable. Finally it must be 
pointed out that, although areas likely to contain oil can be found by 
the skilful use of geology, with or without geophysical aid, the actual 
presence of oil can be proved only by putting down a drill hole and 
tapping the oil. 

Stratigraphic Traps. In 1930 the East Texas field was discovered, 
the greatest oil field ever found. Up to January 1 , 1948, it had yielded 
2480 million barrels of oil, and the recoverable oil still in the ground 
was estimated to be 2500 million barrels. The magnitude of the East 
Texas field can be appreciated when we consider that an oil field is 
regarded as a major field if its total yield is 20 million barrels. The 
conditions that governed the accumulation of the oil in the East Texas 
field differ notably from those in structural traps. The oil occurs in 
the wedge ends of sandstone layers that are truncated at an acute angle 
by an unconformity; it was trapped in the upslope wedge ends of the 
sandstone lajmrs where they are covered by impermeable beds of the 
overlying unconformable formation (Fig. 339). Such an oil-bearing 
reservoir is termed a stratigraphic trap. 
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It is believed that the future trend in oil-finding technique will be to 
develop the ability to find more stratigraphic traps, for the more ob- 
vious structural traps have mostly been discovered. 

Life of an Oil Well. The gas, oil, and salt -water in an oil-bearing 
structure, such as showm in Fig. 338, have in the course of geologic 
time attained an equilibrium. As soon as the top of the structure is 
perforated by the drill this equilibrium is violently disturbed, and the 
disturbance spreads radially from the well. At first the well produces 
gas; then it becomes a gusher or flowing oil well; later it has to be 
pumped; and finally salt wmter appears with the oil, presaging the ex- 



Fia. 339. Stratigraphic trap, showing oit (shaded pattern) occurring in the wedge 
end of a sandstone bed (S) below an angular unconformity. Length of block is about 
3 miles. 


tinction of the well. In many oil fields withdrawal of the gas causes 
the oil to move to the upper part of the structure, and the w'ater follows 
up after the oil. 

Oil, being a fluid, moves readily in the direction of decreased pres- 
sure. Consequently it recognizes no property lines, and if the pool is 
under divided ownership the first wells that tap the reservoir drain not 
only the oil within their owm tracts but also, if situated near the prop- 
erty lines, the oil from the adjacent tracts. If the owner does not take 
out his own oil, his neighbors will. This fact accounts largely for the 
close spacing of w^ells in certain fields (Fig. 340) and for the w'asteful 
overproduction that ensues soon after the discovery of a new field. 

Coarsely porous rocks yield their oil freely and give rise to extremely 
productive gushers (Fig. 341). But the wells become exhausted rap- 
idly — a fast life and a short one go together here. Finely porous rocks 
hold on to their oil tenaciously and so prolong the life of a well into 
old age. The record-breaking Mexican wells, the most spectacular of 
which yielded as much as 260,000 barrels a day, drew their oil from 
limestones, which like most limestones contained solution channels and 
cavities. The oil therefore escaped with enormous rapidity and gave 
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Fig. 340. Signal Hill oil field, southern California. 


the wells their astounding yields, and for the same reason their period 
of production was short. 

Function of Gas in Oil-Field Operation. The chief gas associated 
with oil is methane, CH4, the simplest of all the hydrocarbons. This 
gas and other allied gases, collectively called “the gas,” arc dissolved in 
the oil under heavy pressure. The great importance of this natural 
gas in the elEcicnt operation of an oil field is now fully appreciated. In 
most fields it is the chief agent that brings the oil to the surface; it 
drives the oil to the well and lifts it to the surface; it reduces the 
viscosity of the oil and the tenacity with which the oil is held in the 
pores of the rocks. This tenacity is so great that after an oil field is 
“exhausted,” that is, after it ceases to yield oil by pumping, most of the 
oil, generally as much as 75 per cent or even 85 per cent, is still under- 
ground, Less oil is left in the ground if the gas content is properly 
utilized. The more efficiently the gas is utilized the smaller the number 
of cubic feet of gas that is required to bring a barrel of oil to the 
surface. 
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Because the gas has these important functions and because its with- 
drawal from any part of an oil pool eventually affects pressure condi- 
tions throughout the whole pool, some states have made it unlawful to 
waste the gas content of an oil pool. An oil pool is a natural unit, and 
to oporate.it most efficiently and to obtain the maximum recovery of oil 
it must be operated as a unit. 



G, S. Rogers, U. S. Geological Survey. 


Fig. 341. Gusher in Sunset oil field, California, shortly after oil was struck. 

It is common practice in some fields to pump back into the ground, 
through wells otherwise not in use, gas that comes to the surface un- 
avoidably in the recovery of oil. This operation is called rcpressiiring. 

Geophysical Prospecting. One of the most remarkable of the seven 
major oil regions of the United States is the Gulf Goast field of Louisi- 
ana and Texas. The oil is associated with cylindrical or steeply conical 
masses of rock salt which, forced to flow plastically under heavy pres- 
sure, have punched their way up from unknown depths through the 
overlying sedimentary strata. These masses are termed plugs, and 
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most of them are a mile or so in diameter (Fig. 342) . The tops of some 
of the salt plugs are practically at the surface, but many of them are 
deep below the surface. Oil occurs in association with salt plugs in 
three kinds of traps: (1) cap rock, a peculiar rock made of calcite, 
gypsum, and anhydrite occurring as a capping over the tops of the salt 
plugs; (2) flanking sands, abutting upon and cut off by the salt plug; 



Fig. 342. Salt plug aud enveloping beds, showing the occurrence of oil (black shaded 
pattern) in the flanking beds. 

and (3) siipcrcap sands, the sandy strata that arch over the tops of the 
plugs, forming structural domes. Few of the salt-plug fields, however, 
produce oil from all three structures. 

The first of these oil fields to be brought in was the famous Spindle- 
top, near Beaumont, Texas, discovered in 1901. Spindletop is a circular 
mound rising 65 feet above the otherwise level monotony of the Gulf 
coastal plain. The top of the salt plug is at a depth of 1100 feet, and 
the mound at the surface appears to have been due to a renewed up- 
ward push by the salt below. Many salt plugs, however, are without 
mounds or any other indication at the surface that they are present at 
depth. 

In recent years, geophysical methods have been used with brilliant 
success in locating these hidden salt plugs. In essence the various geo- 
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physical methods depend on the fact that the physical properties of the 
salt differ greatly from those of the surrounding rocks. The seismo- 
graph (p. 404) began to be used in the Gulf Coast region in 1924 and 
has probably been the most successful of the several geophysical meth- 
ods employed, though the torsion balance, an extraordinarily sensitive 
instrument for measuring variations in the value of gravitational at- 
traction, is more accurate for detailed work. The seismic method as 
applied to salt-plug traps depends on the fact that earthquake waves 
travel three times as fast through salt as through the adjacent strata. 
Artificial tremors are induced by exploding charges of dynamite, and 
the rate at which the resulting elastic waves travel is determined by 
appropriately located seismographs; those waves that travel for part 
of their course through a salt mass have the shortest travel times. As 
a result of growing experience the methods have rapidly improved. 
Depths can be determined by measuring the reflection of the waves. 
During the early years of seismic prospecting the effective working 
depth was 2500 feet, but it has now increased to 15,000 feet or more. 
The Gulf region has been “reshot” three or four times to locate the 
favorable oil-bearing structures formed by the deeper salt plugs. 
Whereas the discovery well at Spindletop was brought in at a depth of 
1100 feet, oil is now being obtained from wells as deep as 13,000 feet,^ 
and a few exploratory wells, “wildcats” as they are called by oil men, 
have penetrated to still greater depths, the deepest being nearly 18,000 
feet. Geophysical methods were first used in the Gulf Coast region in 
1924, and in the next 4 or 5 years as many domes were found as had 
been found in the preceding 30 years. 

The methods of geophysical exploration have been so greatly im- 
proved that they can be used to find promising structures of many 
kinds. They are now being used all over the world in the search for 
new oil fields. A remarkable development in recent years is the cam- 
paign to find oil by these methods under the water of the Gulf of 
Mexico adjacent to Texas and Louisiana, as far as 50 miles from shore. 
Several “fields” have so far been found. 

Tlie developments in seismic methods for underground exploration 
illustrate the reciprocal influence of pure and applied science. The seis- 
mograph wms devised to study the transmission of earthquake waves, 
wdthout thought of practical application. After it began to be used in 
a large way in the search for oil in 1924, methods and instruments 
improved at an accelerated rate. The technique thus developed in 

^The world’s deepest producing well in May, 1948, was in the Wind River 
Basin, Wyoming, yielding oil from a depth of 14,309 feet. 
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response to practical considerations is now being applied to such 
I matters of theoretical interest as the determination of the thickness of 

glaciers in the Alps and of the ice sheet in Greenland. 

I Oil Reserves of the Nation. Our proved reserves, on January 1, 

1948, were 21 billion barrels of oil. By “proved reserves” we mean the 
recoverable oil underground that can be estimated with considerable 
ii. accuracy because data are available as the result of drilling. The re- 

|r serves in an oil field are regarded as proved if (1) the size of the field 

j| is known because sufficient drill holes have been put down to outline the 

field, (2) the thickness of the oil-bearing bed or beds is known, and 
j (3) the volume of the pore space in these beds is known. From these 

ii figures the volume of oil in the ground can be computed. However, the 

f recoverable oil, which is the oil that can be brought to the surface by 

l, means of present-day practice, is only a fraction of the oil in the 

ground. The oil that can be recovered, as already stated, amounts to 
I 15 to 40 per cent of the oil in the ground, the amount depending on, 

among other things, the rate at which the oil is being recovered, a rate 
that should not exceed a certain optimum. 

Since the birth of the oil industry in 1859, 33 billion barrels of oil 
have been produced. Nevertheless the proved reserves are larger than 
ever before, the result no doubt of the great incentive to find oil and the 
remarkable skill that has been developed in finding it. The proved 
reserves, at the present rate of consumption, 1700 million barrels a 
year, would last 14 years. However, additions to the reserves are con- 
tinually being made by new discoveries, though at a slower rate than 
formerly because the easily found oil has already been found. More- 
over, long before the oil fields are exhausted, substitute reserves will be 
developed. Therefore the oil supply will last much longer than 14 
years. As now foreseeable, the substitute reserves will be utilized in 
the following order: first, natural gas, which will be converted into 
gasoline ; second, coal will be used as the raw material in making gaso- 
line and by-products; and, finally, oil shales. The Green River oil 
shales of Wyoming and Colorado alone are capable of yielding by dis- 
tillation 100 billion barrels of oil, three tiihes as much as has already 
been yielded by the oil wells of the United States from the beginning 
of the oil industry in 1859. 

In contrast to the proved reserves are the undiscovered reserves. The 
magnitude of these reserves has been estimated, but the figure is of 
only very general value and is subject to change as new information 
becomes available. The basis, in brief, is as follows. The United 
States has an area of nearly one million square miles that is geologi- 
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cally favorable for the occurrence of oil. Based on the performance of 
the already producing portion of the area, the total yield should be 
about 100 billion barrels. Having taken out 33 billion barrels, we have 
still left in the ground about two-thirds of the original amount of oil 
recoverable by the present means of extraction. 

Orb Deposits 

In addition to the mineral fuels, modern industry utilizes many other 
mineral substances. At present the number is nearly one hundred, but 
it will undoubtedly increase. Research is steadily finding or creating 
new uses for mineral products, and minerals considered today to be 
only of scientific interest may tomorrow become of economic value. 

Mineral deposits fall naturally into two classes: metallic and non- 
metallic, on account of the very different natures, associations, and 
modes of origin of the two classes. The metallic or, more accurately, 
the metalliferous include the deposits of the industrial metals and the 
precious metals — gold, silver, platinum, and allied metals. The non- 
metallic include the mineral fuels, cement materials, ceramic materials, 
building stones, gems, and a host of others. The noninetallic substances 
mined in the United States exceed the metallic threefold in value of 
annual output, and the trend of the times is toward their greater and 
greater industrial utilization. 

Definition of Ore. An ore is a mineral aggregate from wdiich one or 
more metals can be extracted at a profit. The essence of this definition 
is in the phrase “at a profit,” for “ore” is an economic concept. Con- 
sequently many factors influence what is and what is not ore. When, 
as in 1932, the price of copper sank to 5 cents a pound, far below its 
long-time average of 13 cents, much copper-bearing material that had 
been ore fell out of the class of ore. On the other hand, the steadily 
increasing purchasing power of gold restored to the rank of ore much 
gold-bearing material that had not been ore during the decade after 
World War I, and the increase in the price of gold in 1934, from 120.67 
to $35 an ounce, added enormous tonnages of gold ore to the world’s 
supply. Advances in metallurgical technique by making it profitable 
to work material of lower and lower grade also influence the status of 
what is or is not ore. The development of new uses can transform a 
worthless material into a valuable ore; for example, the discovery that 
the metal tungsten is one of the most useful steel-alloying elements has 
changed the status of the chief tungsten mineral from an opprobrious 
impurity to a much-sought constituent. 
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Mineralogically, an ore consists of one or more metalliferous minerals 
inclosed in a matrix of worthless material. Technically this matrix, 
which consists of mineral or rock matter, is termed the gangue (gang). 
The proportions of valuable constituent to gangue differ enormously, 
even in ores of the same metal. Iron ore of the highest grade is made 
up solidly of the iron-bearing mineral magnetite, but iron ore at the 
lower limit of commercial availability consists of 30 per cent of mag- 
netite mixed with 70 per cent of gangue. In contrast to the high metal 
content of iron ores, most gold ores contain 0.001 per cent of gold dis- 
seminated through 99.999 per cent of gangue. In general, the gangue 
of the average ore greatly exceeds in amount the valuable metal it 
contains. In the preliminary treatment of ores in metallurgical plants 
the prime purpose is to separate as cleanly as possible the metalliferous 
constituents from the gangue. By this treatment, a concentrated prod- 
uct is produced which is much higher in metal content than the original 
ore. The nature of the gangue influences the cost of concentration and 
subsequent treatment; hence the gangue is generally as important as 
the metallic content in determining whether a material is ore. 

From many mining districts the concentrates are shipped to indus- 
trial centers for final treatment: zinc concentrate from Australia to 
Belgium, tin-bearing concentrate from Bolivia to the United States, 
literally from the ends of the Earth; and this movement of mineral 
commodities bulks large in international commerce. 

The metallic content of the ores of the precious metals — gold, silver, 
and platinum — ^is measured in troy ounces per ton. However, gold ore, 
because gold by legal enactment has the fixed value of $35 a troy ounce, 
is commonly cited as carrying so many dollars to the ton. The ores of 
the industrial metals are generally measured in percentages; for 
example, an iron ore is said to contain 60 per cent of iron; a copper 
ore, 1 per cent of copper; and so on. 

Primary Deposits 

Occurrence and Origin of Ore Deposits. Mineral deposits occur- 
ring in bedrock are called 'primary deposits, to distinguish them from 
those that have been derived from them by erosional destruction, which 
are called secondary deposits. The most important of the secondary 
deposits are the stream placers, which are stream gravels carrying 
valuable minerals that have become concentrated in paying amount 
during transport by the streams. 
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Primary ore deposits as a rule do not occur singly but are localized 
in small areas, and these areas determine where the world’s mining dis- 
tricts are situated. Many mining districts produce mainly one metal; 
indeed some districts produce only one metal. Hence mining districts 
are usualty designated by their principal product, as the Rand gold dis- 
trict of South Africa, or the Butte copper district of Montana. 

That ore deposits tend to be localized in districts — ^their gregari- 
ousness as we may call it — ^is of advantage to man in many ways. 
Among these advantages is the fact that intensive geologic study leads 
to a knowledge of the idiosyncrasies of the ore bodies of a district. 
This knowledge is of the highest value in finding extensions of the 
knowm ore bodies and in finding the still undiscovered deposits; in 
fact, this has been the most successful method of ore hunting so far 
developed. 

Most mining districts are situated near, around, or on areas of in- 
trusive igneous rocks. Indeed, this association is so common that, if 
igneous rocks do not occur in or near a mining district, it is thought by 
many that they are nevertheless present but concealed in depth; but 
this is probably an extreme view. 

The association of mining districts with igneous rocks early led to the 
idea that there is a fundamental relation between the igneous rocks and 
the origin of ore deposits. The fact that at Vesuvius and other vol- 
canoes during times of heightened activity hot gases carrying iron, 
copper, and lead are given off and visibly form metalliferous minerals, 
such as galena and hematite, suggested that the magmas from which 
the igneous rocks were formed supplied the metals in the ore deposits 
and that the metals were released from the magma at the time it solidi- 
fied. The magma is the ore bringer. 

Most ore bodies formed in connection with igneous action are asso- 
ciated wdth plutonic rocks occurring as stocks and batholiths. Some 
occur in areas of volcanic rocks, but here the ore-forming solutions as 
well as the volcanic rocks themselves are both derived from a parent 
magma that solidified under plutonic conditions at a comparatively 
shallow depth, possibly a mile or two beneath the surface. In a few 
mining districts the ore deposits are in volcanic necks. As an empirical 
fact, ore deposits that are genetically associated with stocks and batho- 
liths have a greater vertical extent than those associated with volcanic 
rocks. At present the world’s record for downward persistence of an 
ore body formed by solutions derived from deep-seated magma is held 
by a gold mine in Mysore, India, whose depth is 9200 feet, whereas ore 
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deposits associated with volcanic rocks are likely to give out at depths 
of 500 to 1000 feet- 

The solutions that carry the metals from the solidifying magma are 
at high temperatures, so high that they are gaseous. As these solutions 
move up through fissures toward the Earth’s surface, they are steadily 
losing temperature, they are reacting with the wall rocks of the fissures, 
they are becoming admixed with more or less ground water, and the 
pressure on them is diminishing. As a result the composition of the 
solutions changes and certain constituents become insoluble and conse- 
quently are deposited in the fissures. Loss of temperature is probably 
the most potent factor in thus causing precipitation. As the solutions 
leave the magma they are gaseous, consisting mainly of steam, but 
during their journey upward they condense to water. Such hot-water 
solutions are the agents by which most ore bodies have been formed, 
and the ores thus deposited are said to be of hydrothermal origin. 

According to this theory of origin every mineral deposit, if explored 
deeply enough, would be found to give out in depth; in other words, 
every vein or lode has roots. The theory explains readily the well- 
known fact that the interiors of large areas of intrusive igneous rocks 
(batholiths) are barren of mineral deposits. The large size of an area 
of exposed igneous rock is the result of widespread removal of the rocks 
that once extended as a roof over the igneous mass. Consequently, as 
the top of a batholith is roughly dome shaped, the greatest vertical 
thickness of rock has been removed from over the central portion of the 
area of igneous rock. In the interior, then, erosion has cut down deeply 
enough to remove even the roots of whatever veins were once present, 
toward the borders the roots remain, and at the borders and in the sur- 
rounding rocks the veins still have a considerable vertical range. 

That veins persist downward in some batholiths, as at Butte, Mon- 
tana, to depths exceeding 4000 feet, proves that the batholith had 
solidified to a depth of more than 4000 feet before the shell of rock 
thus formed began to fracture and allowed the magmatic gases to 
escape from the still-fluid magma beneath it. The process of fracturing 
that makes the channel ways for the ascending ore-forming solutions 
is likely to persist for a considerable tinie. Recurrent movements may 
reopen the veins, as already mentioned, and in many districts later 
fracturing has severed the veins and dislocated the segments. One of 
the tasks of structural geology is to determine the laws that govern 
the formation of the channel ways, without which the mineral veins 
could not have been formed, and to find the faulted segments into which 
the veins have been severed. 
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Forms of Ore Bodies. The shape or form of an ore body is of great 
practical importance/ for it determines the way in which the ore body 
can be worked. A tabular mass of ore more or less sharply delimited 
from the rock inclosing it is termed a vein (Fig. 343). The ideal vein 
is bounded by well-defined walls; the overhanging -wall, as illustrated 
on p. 375, is the hanging wall, and the other, on which the miner obtains 
his footingyis appropriately called the foot wall. The ore in the ideal 


Fig. 343. Gold-bearing quartz vein, Alleghany district, California. The sharply defined 
white quartz vein is well shown, together with the veinlets branching from it. 


vein breaks cleanly from its walls. It is tacitly part of the definition of 
a vein that if the vein occurs in other than massive igneous rocks (such 
as granite) it cuts across the structure of the inclosing rocks. Beliefs 
in the characteristics of an ideal vein are of great practical significance, 
for they have greatly influenced the mining laws of the United States; 
and because the average vein departs widely from the ideal, these de- 
partures have caused and are still causing enormous difficulties in 
squaring the legal view of what a vein should be with what Nature has 
actually formed. 

Some veins are bordered by zones of mineralized rock rich enough to 
be mined along with the vein filling. These mineralized zones as a rule 
shade off imperceptibly into rock too poor to mine. Consequently an 
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Fig. 345. Outcrop of a gold-bearing quartz lode. Mother Lode system, Sierra Nevada, 
California. 
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ore body of this kind, instead of being bounded by well-defined walls, 
is bounded by “assay walls,” so called because continuous sampling 
and assaying to determine its metallic content are necessary in finding 
the limits of the ore body. Therefore such boundaries fluctuate with 
the price of the metal that is being mined. 

A lode consists of several veins spaced closely enough so that all of 
them, together with the intervening rock, can be mined as a unit (Fig. 
344 ) . All the larger tabular ore bodies tend to be of this general char- 
acter, and there is no sharp distinction between a vein and a lode. A 
spectacularly large outcrop of quartz, part of one of the gold-bearing 
lodes of the Mother Lode system of California, is shown in Fig. 345. 

Some ore bodies in sedimentary rocks conform to the bedding of the 
inclosing strata. Such ore bodies are either of sedimentary origin or 
of replacement origin (p. 130) . Genetically these two modes of origin 
are wholly unlike, and the distinction is of great practical importance 
although not always easy to make. If of sedimentary origin, the ore 
bodies are beds ; if of replacement origin they are termed bed veins. 

Fissure Veins. Some ore bodies have been formed by the filling of 
cavities or openings in the crust, others have been formed by replace- 
ment, and others have been formed by a combination of both processes. 
Openings in the crust are made by fracturing and Assuring. As the 
walls of a fissure are not rigorously plane but are more or less irregular 
wavy surfaces, movement along them relative to each other causes open 
spaces to form along the course of the fissure. These openings become 
the receptacles of vein matter, and the vein thus formed, when followed 
along its course or down its dip, is found to expand and contract in 
width — “to swell and pinch,” in the language of the miner. The 
abruptness of this swelling and pinching depends on the original irreg- 
ularities in the fissure and determines how far the vein departs from the 
ideal tabular form. By renewal of movement along the vein the fissure 
may be reopened, and more vein matter deposited in the newly formed 
openings. In this way many veins have grown in size. The early 
formed portions of the vein are likely to become crushed during the 
later movements, and angular fragments of ore that was formed in the 
early stages may become incorporated in the ore deposited later. The 
stages of growth of the vein are thus recorded within the vein, and a 
sequence in the order of deposition of the minerals can often be ascer- 
tained. These facts arc not only of theoretical interest but also of 
practical consequence. 

The vein-forming solutions that deposit the minerals in the openings 
along a fissure soak out into the wall rocks. There they bring about 
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many changes, depending on their composition, on their temperature, 
and on the composition of the wall rocks. The effects may extend from 
a few inches up to hundreds of feet from the vein. From the study of 
these effects, conclusions can be drawn as to the composition and tem- 
perature of the ore-forming solutions. 

Almost universally the ore-forming solutions in soaking outward 
from the fissures cause crystals of pyrite to grow in the wall rocks. 
Nearly all ore-forming solutions carry dissolved sulphur, and when 
these solutions permeate the wall rocks this sulphur combines with the 
iron of whatever iron-bearing minerals are present to form pyrite, gen- 
erally as well-crystallized cubes; the wall rock becomes pyritized. The 
pyrite thus formed in the wall rock is a conspicuous, easily recognizable 
effect of the ore-forming solutions. Such pyrite is of replacement 
origin, as it has grown in the body of an old mineral as the result of 
the removal of part of the old mineral and the deposition of sulphur 
in the space thus made. 

Replacement Ore Bodies. More interesting practically is the abil- 
ity of the ore-forming solutions under some circumstances to transmute 
the wall rocks into oi’e. The vein is then bordered on one or both sides 
by a layer or layers of ore of replacement origin. The resulting ore 
body is tlierefore of dual origin: it was formed partly by the filling of 
open spaces and partly by replacement. 

Many ore bodies are wholly of replacement origin. Limestone is the 
most common rock thus transformed into ore. In some ore bodies of 
this origin the evidence of replacement is astonishingly impressive. 
Although the ore consists solidly of sulphides — galena, sphalerite, and 
pyrite — it preserves faithfully the bedding and other sedimentary fea- 
tures of the vanished limestone. On seeing such an ore body under- 
ground we often find it hard to believe that we are viewing an ore body 
and not merely country rock. In ore bodies of replacement origin, the 
ores, in contrast to those in fissure veins, were formed by the orc-form- 
ing solutions dissolving the country rock and simultaneously depositing 
in the space thus formed an equal volume of ore. The thoroughness of 
replacement in many mining districts is impressive, but the immense 
volume of rock removed during replacement is perhaps even more 
impressive. The process of replacement is of prime importance to an 
understanding of ore deposits. 

Composition of Ores. In the primary ore bodies of copper, lead, 
zinc, and silver, the metals were originally deposited in compounds in 
which they are united with sulphur — in short, as sulphides. Galena 
(PbS) is the ultimate source of all the world’s lead; sphalerite (ZnS) 
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is the chief source of our zinc; chalcopyrite (CuFeSo) and other copper- 
bearing sulphides are the ultimate sources of our copper. Gold, it is 
true, is deposited as native metal, but it is almost invariably associated 
with pyrite (FeS 2 ) , the most wddely prevalent of all sulphides. 

Weathering of Ore Bodies. Certain important consequences follow 
from the fact that the primary ore bodies generally contain sulphides. 
As soon as an ore deposit becomes exposed at the Earth’s surface by the 
progress of erosion, the sulphides in it begin to oxidize — to unite with 
the oxygen of the atmosphere — and the oxidized products begin to unite 
with water and carbon dioxide. A host of new minerals is formed. 
Prominent among these changes are those that overtake the pyrite. 
Pyrite alters to rusty yellowish brown limonite, which imparts to the 
outcrops of veins and lodes their characteristic iron-stained appear- 
ance. Not only is limonite formed from the pyrite, but also powerful 
solvents, such as sulphuric acid and ferric sulphate, are generated, and 
as these solvents trickle downward they attack the otlier sulphides. 
They dissolve the silver and copper and cause them to move down- 
ward. As a result of these changes the ore body at the outcrop is 
likely to be vastly different from what it is in depth. It differs in ap- 
pearance, in composition, and in metallic content. 

These changes stop at or near the water table (p. 119) , because move- 
ment of subsurface water is generally slow below the water table and 
the supply of oxygen therefore becomes scant. In humid regions the 
water table is near the surface; in arid regions it may be as much as 
2400 feet below the surface. As the position of the water table is in- 
fluenced also by the relief of the land, the depth to which the oxidized 
zone extends is a function of climate' and topography. 

At the water table, then, the character of an ore is likely to change 
drastically. As a result, the metallurgical processes adapted to the 
oxidized ore may be wholly unsuited to the primary sulphide ore found 
below the water table. Many a mine, equipped to treat the ore occur- 
ring near the surface, has failed for this reason alone. Moreover, the 
metallic content of an ore body is likely to become impoverished or 
enriched, depending on. the nature of the chemical reactions that took 
place in the zone of oxidation. The explanation of why some ores are 
impoverished and others are enriched involves the application of chem- 
istry to the problems of geology. 

Supergene Enrichment. The enrichment that has affected certain 
ore deposits just below the zone of oxidation is so important that it 
merits brief mention. Copper illustrates the principle most readily. 
By weathering, the copper in the outcrop and underlying zone of oxida- 
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tion is rendered soluble. Consequently it is dissolved by descending 
water and is carried downward. AVben the copper-bearing solution 
comes into contact with the unaltered sulphides that occur in the ore 
body below the zone of oxidation, it reacts with them and the copper is 
precipitated as a bluish black film or coating on the sulphides. The 
copper content of the primary material is thereby increased; and in 
many places, notably Utah, Nevada, Arizona, and New Mexico, the 
primary mineralized rock, which wms too lean to be ore, has been en- 
riched sufficiently to bring it up to ore grade (Fig. 346). The process 



Fig. 340. Quartz vein, showing effects of weathering and supergene enrichment. 

.4. Oxidized leached ore: limonite and quartz; depleted of copper. 

B. Enriched ore: chalcocite, pyrite, and quartz; rich in copper. 

C. Primary ore: chalcopyrite, pyrite, and quartz; low in copper. 

is termed supergene enrichment. In the States mentioned this process 
has been effective in forming enormous deposits of copper ore. Al- 
though the deposits are low in grade, containing 1 per cent or less of 
copper, the application of mass-production methods has made them 
immensely productive and profitable and during the last four decades 
has revolutionized the copper industry. 

Iron-Ore Deposits. Most ore deposits, as already outlined in the 
preceding pages, arc concentrations of metals brought about by igneous 
activity. Other methods of concentration, however, are effective in 
forming ore deposits of economic value. These other methods can be 
illustrated most readily by means of the iron-ore deposits. 

Iron is by far the most useful of the metals, and fortunately its ores 
are far more abundant than those of all other metals. This abundance 
has resulted partly because iron-ore deposits are formed in more ways 
than those of any other metal, but chiefly because many of them were 
formed by sedimentation, a process that produces far larger ore de- 
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posits than any other process of concentration. If we consider that an 
iron-ore district containing a reserve of more than one billion (10^) tons 
of ore is a district of the first magnitude, then there are ten or twelve 
such the world over; and in at least seven of them the ore is of sedi- 
mentary origin. 

It is occasionally said that aluminum in the future will supplant iron 
as an industrial metal. This assertion is based on the fact that alumi- 
num averages 8 per cent of the Earth’s crust, whereas iron makes up 
only 5 per cent. However, the processes that have concentrated alumi- 
num into ore bodies are few, whereas many have been effective in con- 
centrating iron; moreover, they have operated on a grander scale. As 
a result, the ores of iron are roughly 40 times as abundant as those of 
aluminum. Technically and economically it is the ore of the metal 
that is really important and not the average amount of the metal in 
the crust. For these and other reasons, chief among which is that “the 
services of iron, for which there are no substitxites, are well-nigh num- 
berless,” iron wdll remain supreme as an industrial metal. 

In the following sketch of the processes by which iron has been con- 
centrated to form commercially valuable ore bodies, four types of de- 
posits are described: first, deposits formed by concentration within 
molten magmas and therefore formed at high temperature; second, 
those formed as a result of the iron being carried out of the magma by 
escaping gases, the iron having been rendered volatile by the presence 
of chlorine or some other agent, such as those in evidence in the 
fumaroles at Vesuvius and at the Valley of Ten Thousand Smokes in 
Alaska; third, the deposits formed by sedimentation; and fourth, those 
in which the iron has been concentrated by the process of weathering. 

Iron-ore bodies formed by concentration within molten magmas are 
rare. Probably the best-established examples, whose mechanism of 
concentration can most readily be visualized, are in the Bush veld, 
Union of South Africa. They are inclosed in gabbro as layers of mag- 
netite that resemble sedimentary strata; they are as much as 15 feet 
thick and extend for hundreds of miles. At a certain stage while the 
gabbro magma wms solidifying the magnetite began to crystallize, and, 
being heavier than the magma, the grains sank and accumulated in 
the form of a layer. 

In some districts part of the iron of the magma escaped at the time 
the magma wms solidifying. If the magma was intrusive into lime- 
stones, the iron-bearing gases reacted with these limestones. In this 
wmy ore bodies of contact-metamorphic. origin were formed, as outlined 
on page 422. If the gases do not meet limestone, they arc likely to 
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migrate farther from the magmatic hearth and become condensed to 
the liquid state. As they move into an environment that is progres- 
sively cooler with increasing distance from the magma, they form 
hydrothermal iron-ore deposits of successively different types. The 
deposits thus formed carry distinctive minerals that indicate the pro- 
gressively lower temperatures under which they were formed. 

The minette ores of Lorraine in France are the world’s most valuable 
ores of sedimentary origin. They consist of oolitic limonite in nearly 
horizontal beds interstratified with limestone, shale, and sandstone. 
Although the ore beds are nearly horizontal, they dip westward at a 
very low angle. They average 30 per cent of iron— a relatively low 
content — but, because they contain sufficient calcite to form a slag in 
the furnace, are near supplies of coking coal, and are also near con- 
suming centers, they are of great commercial value. They contain 
nearly 2 per cent of phosphorus, ordinarily a highly undesirable im- 
purity in an iron ore; but as a result of the development of the Thomas 
process of smelting in 1879, the phosphorus can be eliminated in the 
form of a by-product valuable as fertilizer. 

By virtue of their sedimentary origin the ore bodies are of large 
areal extent and of constant composition. Consequently the tonnage 
of unmined ore, the ‘'reserves,” can be estimated with far higher prob- 
ability than that of ore of any other mode of origin. The reserves are 
estimated to contain 5000 million tons of ore. 

The term minette, meaning “small mine,” came to be applied to these 
ores in this way. At the outcrops the soluble gangue matter (calcite) 
of the ore as well as the deleterious phosphorus had been dissolved out 
as a result of weathering. Consequently the ore at the outcrop was 
enriched in iron and freed from an objectionable impurity. As soon as 
the water table was reached the primary ore was struck, lower in iron 
and high in jihosiffiorus. Before 1879 (before the invention of the ap- 
propriate process to smelt phosphorus-bearing ores) , the primary ores 
were worthless ; hence the outcrop of the Lorraine ores was marked by 
a line of unimportant small mines — ^minettes. 

During the negotiations at the close of the Franco-Prussian war in 
1871, Bismarck was advised by the Director of the Prussian Geological 
Survey to shift the proposed boundary of Lorraine westward to include 
the outcrop of the iron ore. This was accepted by the French, who wore 
])articularly anxious to obtain concessions of territory near Belfort. At 
that time neither the Germans nor the French understood the geology 
and origin of the Lorraine iron ores. The invention of the Thomas 
process in 1879 made the ores workable and immensely valuable, and 
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the great iron industry of the German Empire was largely based on 
them. As development proceeded the geologic features of the deposits 
became clear, and it was seen that although the Germans had the out- 
crops of the deposits the gentle westward dip caused the iron-ore beds 
to extend under the soil of France, and that in fact a large fraction of 
the total reserves lay under French territory. An important iron in- 
dustry was developed in France on the resources thus unexpectedly left 
to her. During World War I some of the fiercest, bloodiest drives of 
that war were undertaken by the Germans to undo the “error” of 1871. 
By the treaty of Versailles in 1919 Lorraine annexee was restored to 
France, and the entire iron field passed into her possession. 

In eastern Cuba are large iron-ore deposits, in which the iron was 
concentrated to commercial grade by lateritic weathering (p. 48) of 
serpentine. The ore occurs on a plateau as a blanket 20 feet thick. In 
the cuts made by mining with steam shovels the ore at the surface can 
be seen to grade downward into the unaltered serpentine from which it 
was derived. The serpentine contains 7 per cent of iron; and chemi- 
cal weathering, by dissolving out almost all the constituents of the 
serpentine except the iron, has raised the iron content of the residual 
product to 50 per cent. Such lateritic ores occur also in the Celebes, 
.the Philippines, and elsewhere. 

In the Lake Superior region, from which the United States obtains 85 
per cent of its supply of iron ore, the ore deposits are the results of a 
double concentration. First there was laid down by sedimentation an 
iron formation, consisting of thinly bedded strata of iron-bearing min- 
erals alternating with siliceous strata. In the Mesabi district, wdiich 
is the most productive iron district in the world, this iron formation 
averages 25 per cent in content of iron. This is too low in grade to be 
worked as ore. Fortunately, parts of the iron formation were recon- 
centrated by weathering, by which the gangue was removed and the 
iron minerals, because of their insolubility, were left behind. As a 
result of this purification the residual product contains 50 to 60 per 
cent of iron and is therefore valuable ore. This weathering took place 
not under present conditions of climate and topography but under 
those of remote geologic antiquity, of Pre-Cambrian time. 

In conclusion, then, many diverse geologic processes have been effec- 
tive in concentrating iron into ore deposits of workable grade. Some 
of these deposits have required a twofold concentration, first by sedi- 
mentation and second by weathering. 

Gold and Other Metal Deposits. The primary ore deposits of gold 
and of the industrial metals, copper, tin, lead, and zinc, unlike those 
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of iron, are mainly veins and lodes of hydrothermal origin. Most of 
these ore deposits are situated either in the border zones of stocks and 
batholiths of granite or in the rocks that immediately surround such 
intrusive masses. 

Gold lodes hold the distinction that they are being followed deeper 
into the crust than are the deposits of any other metal. Depths of 
more than a mile have been reached in California, 8500 feet in South 
Africa, and 9200 feet in India. The high temperatures at these great 
depths and the tendency of the rocks to spall off from the walls of the 
workings with explosive violence owing to the great pressure are serious 
handicaps and will probably limit mair’s quest for metals to a depth of 
10,000 feet. 

PLACERS 

General Features. A placer (plas'er) is a deposit of sand or gravel 
that contains particles of a valuable mineral in. sufficient ciuantity to 
be workable at a profit. Gold, tin (in the form of its oxide, cassiterite) , 
platinum, and diamond are the substances commonly won from placers. 
Most placers are stream gravels. A few, however, are marine beach 
gravels. Such were the famous gold placers of Nome, Alaska, of which 
one was the present beach of the Bering Sea, and the others were 
ancient beaches, formed when the Bering Sea had outlines somewhat, 
different from those it has now. The world’s entire supply of the fis- 
sionable element thorium is derived from placers; in recent years 
it has come largely from the beach placers of Travancore in southern 
India. All heavy, relatively indestructible minerals are likely to be- 
come concentrated in placers. 

Placers are so easily found and so readily worked, without special 
equipment or capital, that they have been sought from the beginning of 
history by the prospector and explorer. Gold placers have been the 
strongest incentive to this search, and most of our mining districts have 
been found by the placer miner. The richer placers are soon worked 
out, and attention then becomes directed to finding the bedrock sources 
from which the minerals in the placers were derived. If these sources 
prove to be deposits of economic size, they form the basis for a mucli 
more permanent industry; and the ephemeral placer-mining camp be- 
comes transformed into the more staid lode-mining district. 

Extraordinary ingenuity has been applied to the problem of working 
the leaner placers. So brilliant are the results in the more advanced 
methods of placer-mining— ^drawZfc/cmg and dredging — ^that they are 
the most efficient forms of mining, in the sense that lower-grade ma- 
terial can be worked by them than by any other method. In hydraulic 
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Fig. 347 . Hydraulic mining of gold-bearing gravel in the Sierra Nevada. The 
gravel is being swept by a powerful jet of water into the head of the string of sluice 
boxes at the extreme left. 

milling a jet of water under heavy pressure is directed against a bank 
of gravel The gravel thus loosened is swept by a current of water into 
a long sluice (Fig. 347), where the gold, platinum, or cassiterite, be- 
cause of its high specific gravity, rapidly settles to the bottom and is 
caught by appropriate devices at the head of the sluice, and the lighter 
material, the gravel and sand, is carried through the sluice. In thus 
concentrating the gold or other valuable material, tlie miner, using 
Nature’s own method, completes the concentration begun by Nature 
in forming the placer. In California, where hydraulic mining reached 
its highest development, gravel containing as little as 3 cents in gold 
to tlic cubic yard has been profitably woi4ced. 

In dredging, the digging apparatus and the entire concentrating plant 
arc contained on a boat — ^the dredge (Fig. 348). The dredge floats on 
a pond; it digs and takes in the gravel at its forward end, and dis- 
charges at its stern the tailings — ^the gravel from which the gold, plati- 
num, (U’ cassiterite has been separated. Thus the pond and the dredge 
on it gradually travel up the valley. Gold-bearing gravel averaging 



10 cents in gold to the cubic yard can be worked at a profit by dredging. 

At the present time 10 per cent of the world’s annual output of gold, 
70 per cent of its supply of tin, and much of its platinum are still 
derived from placers. 

Origin of Placers. As soon as the primary ore bodies come into the 
zone of erosion, they are attacked by weathering. If they contain 
sulphides, they are subjected to a peculiarly active form of chemical 
weathering intensified by the sulphuric acid and other powerful solvents 
formed by the oxidation of pyrite and other sulphides. Only the most 
]'esistant substances survive this attack. After being set free from their 
matrix they eventually find their way by creep and other processes of 
mass-wasting into the streams.. Only the tougher materials withstand 
the pounding and abrasion to which they are subjected in the stream; 
the brittle minerals are pounded to minute particles and are swept 
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downstream. The valuable minerals in placers are survivals of the 
fittest, where fitness is measured by resistance to chemical attack and 
to abrasion. Hence it is easy to understand why the minerals com- 
monly won from placers are such indestructible substances as gold, 
platinum, cassiterite, and diamond. 

The gold and other valuable minerals occur in particles ranging 
from the minutest grains up to larger pieces termed nuggets. Accord- 
ing to the distance that these particles have been carried downstream 
from their source in bedrock, they are more and more water worn. 
Angular, jagged, “rough” gold occurs in placers near where it was set 
free from its matrix in its bedrock source; smooth gold is found farther 
downstream. It is somewhat surprising, however, to see within how 
short a distance from their bedrock sources gold particles become 
smoothly water worn. This rapid wear is due partly to the softness of 
gold and partly to its great weight, which causes the grains and nuggets 
to move downstream slowly, with many a halt; and during this slow 
travel downstream they are pounded and abraded by the passing 
, gravel. 

The lowermost few feet of gravel, those resting on bedrock, are much 
richer in gold than the upper layers of gravel. As the miner puts it, 
the “paystreak” rests on bedrock. Enough gold may occur in cracks 
in the bedrock to make it profitable to mine several feet of the bedrock 
below the paystreak. Gold has a truly astonishing ability to sift down 
into the cracks, joints, and foliation planes of slates and schists that 
may happen to form the bedrock. 

The larger amount of gold on bedrock is due in part to the churning 
action of streams during high-water stages. The gravel is locally 
scoured out to great depths during these stages (p. 78) , and whatever 
gold had been distributed through the scoured-out mass of gravel be- 
comes concentrated on the bedrock of the channel thus formed; and 
as high water subsides, the scour channel becomes filled with barren 
gravel. Another method of concentration that causes the gold to move 
toward bedrock is that caused by the tendency of a stream to meander 
on the gravel-covered floor of its valley. As the stream impinges here 
and there on the gravel banks, it undercuts them; soon the gravel 
slumps into the stream and is carried away by the stream, but the gold 
that was distributed through the vertical bank of gravel from top to 
bottom has now become concentrated in the stream channel. 

It can be seen that a knowledge of the laws governing the transport 
of detritus by streams and the laws of the origin of land forms is funda- 
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mental to understanding how placers are formed. In a region that is 
in the early stages of the cycle of erosion, the streams are actively 
at work in downcutting; consequently no gravels are laid down in the 
beds of the streams more than temporarily. Hence such regions are 
unfavorable for the occurrence of placers. As a matter of experience 
it has been found that regions of uplifted and maturely dissected pene- 
planes are favorable for the development of gold placers. During the 
peneplane stage the gold is liberated from the veins and veinlets occur- 
ring in bedrock throughout the region, and after the region is uplifted 
and the new cycle of erosion is well under way the gold becomes con- 
centrated in the valleys carved in the old peneplane. 



Fig. 349. Ancient stream placer covered by a lava flow; it occupies the divide between 
two rivers of the present drainage system. Width of block about 3 miles. 


Placer deposits have formed at all times during the history of the 
Earth. Some of the older placers have been buried by later sedimen- 
tary rocks; others have been sealed beneath lavas that flowed down 
the old valleys in which the gravels were accumulating. In regions in 
which placers have been covered by flows of lava, the streams that 
formed the placers become dispossessed of their channels and seek new 
ones. In the course of time a complete revolution in the topography is 
effected, and the placers capped by the resistant lava flows become the 
divides between the existing streams. What were once the valley 
bottoms are now the mountain tops (Fig. 349). Such dead rivers, 
whose gravels are sealed under lava flows, occur high above the present 
streams in various parts of the world, notably in the Sierra Nevada, 
wlierc they have yielded much gold. 

Although the finding of placers has generally been the prelude to the 
discovery of veins and lodes in bedrock, it by no means follows that 
rich placers are necessarily derived from rich deposits in bedrock. The 
contrary is almost true. For example, the larger part of the world’s 
platinum has been won from placers in the Ural Mountains, but no 
workable primary deposits have been found. The platinum in its bed- 
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of rock, which are far too lean to be worked at a profit. The processes 
by which placers are formed are so efficient, however, that the small 
amount of platinum distributed through immense volumes of rock has 
become concentrated in the gravels of the streams that drain the Ural 
Mountains. Cubic miles of rock were ground up by erosion, and the 
platinum in them has accumulated in workable amount in the stream 
beds. Similarly, rich gold-bearing gravels have accumulated in areas 
in which the gold occurs in bedrock in the form of small auriferous 
quartz veinlets. The same disparity between the richness of the 
placers and the poverty of the bedrock sources is even more generally 
true of tin deposits and is reflected in the fact that 70 per cent of the 
annual supply of tin is still won from placers. 

One of the richest gold-placer regions ever found was on the lower 
western slope of the Sierra Nevada. Its discovery in 1848 caused the 
gi'eatest human migration in history. The gravels of the present 
streams have yielded $900,000,000. Their great richness was the result 
of a triple concentration of the gold. Near the end of Jurassic time the 
crust beneath the site of the present Sierra Nevada was invaded by 
vast volumes of granitic magma. During the solidification of the 
molten magma, countless small gold-bearing veinlets were formed in 
the surrounding rocks. This was the first concentration of the gold. A 
long period of erosion then set in, during which the region w^as reduced 
to a land of moderate relief. In the streams that flowed on this old land 
surface great masses of gravel accumulated, hundreds of feet thick in 
the larger valleys, and rich in gold in the layers resting on bedrock. 
The gold thus accumulated was the result of the second concentration. 
Great eruptions burst out and overwhelmed the streams with volcanic 
debris and sealed them under lava flows. The streams were forced out 
of their courses and began to dig new ones. Faulting along the eastern 
flank of the Sierra lifted the range high into the zone of erosion and 
tilted the western slope to the west, thereby increasing enormously the 
erosive powers of the westward-flowing streams. The great canyons 
that gash the western slope of the range were formed. Where the 
streams cut through the gravels of the old river beds, they robbed them 
of their gold, and to this store of easily won metal they added the gold 
that erosion was liberating, from the veins and veinlets in bedrock. As 
the result of these three stages of concentration the present streams of 
the Sierra Nevada acquired the extraordinary richness in gold that 
made them famous the world over. 
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MINERALS 

Introduction and Definition 

Minerals compose the rocks of which the Earth’s crust is built. 
They are also the constituents of ore bodies and other deposits of eco- 
nomic value. Rocks are the primary documents of geology, and in 
order to read these documents it is necessary to be able to recognize 
their constituents. A mineral can be defined as a naturally occurring 
substance that has a distinctive set of physical properties and a com- 
position expressible by a chemical formula. . 

Minerals are composed of chemical elements. A few consist of single 
elements, such as native gold and silver, as these metals are termed 
when they occur in elementary form in Nature, or diamond and 
graphite, both of which are crystalline forms of the element carbon. 
Diamond and graphite illustrate in the most striking way possible what 
is meant by a mineral. The two are of identical chemical composition, 
yet each has its own distinctive physical properties: diamond is trans- 
parent and is the hardest substance known, whereas graphite is opaque 
and is among the very softest of substances. Most minerals, however, 
are made up of two or more elements united in such a way that the 
product differs in its properties from any of the elements composing it. 

There are 96 chemical elements. Less than half of them are abun- 
dant; in fact, more than 99 per cent of the Earth’s crust is composed of 
14 elements. These elements, with their chemical symbols, are shown 
in the following table in the order of their abundance in the crust : 


Ox3-geni (0) 

Per Gent 

.... 46.46 

Titanium (Ti) . . . . 

Per Cent 

62 

Silicon (Si) 

.... 27.61 

Hydrogen (H) .... 

. . . . . .14 

Aluminiun (Al) 

.... 8.07 

Phosphorus (P) . . . 

.12 

Iron (Fe) 

.... 5.06 

Carbon (C) 

.09 

Calcium (Ca) 

3.64 

Sulphur (S) 

06 

Sodium (Na) 

.... 2.75 

Chlorine (Cl) 

05 

Potassium (K) 

. ... 2.68 : 

All others ........ 

68 

Magnesium (Mg) . . 

... 2.07 

546 

Total .... ... . . . . 

100.00 
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Three elements not included in the preceding list are added here be- 
cause they occur in certain important ore-forming minerals. Each of 
these elements makes but a minute fraction of 1 per cent of the Earth’s 
crust. 

Copper (Cu) 

Lead (Pb) 

Zinc (Zn) 

The minerals that have formed by vattous combinations among these 
seventeen elements are very numerous, but those that are abundant, 
as components either of rocks or of ores, are relatively few, about 
twenty-five. 

Properties op Minerals 

CHEMICAL COMPOSITION 

A few minerals have a fixed chemical composition; but most of them 
have a variable composition which, however, can be expressed by a 
chemical formula. Quartz, one of the most abundant of minerals, has 
a fixed composition, written Si 02 , which is a sort of chemical shorthand 
saying that one atom of silicon is united with two atoms of oxygen. 
Sphalerite, from wdiich most of the world’s zinc is obtained, is a min- 
eral of variable composition, which is indicated by writing its formula 
thus: (Zn,Fe)S — thereby indicating that in this mineral atoms of iron 
proxy for atoms of zinc. 

The various minerals react differently to chemical reagents, and these 
reactions are one means of identifying minerals. It is beyond the scope 
of tins discussion to explain how minerals are identified by their chem- 
ical behavior, but many textbooks of mineralogy treat the subject fully. 

PHYSICAL PROPERTIES 

Crystals. Nearly all minerals a,ie crystalline; that is to say, the 
atoms of which they are built are organized in definite geometric ar- 
rangements. A few minerals are amorphous (noncrystalline) . Under 
favorable conditions most minerals form cri/sials. Crystals are solids 
that are bounded by smooth plane surfaces called faces, whose arrange- 
ment is related to the internal structure of the mineral. As a rule, 
the crystals of any particular mineral have similar forms of crystalli- 
zation. For instance, the mineral pyrite crystallizes characteristically 
in cubes (Fig. 350) . Garnet is common as twelve-sided crystals called 
dodecahedrons (Fig. 351), These crystal forms are characteristic of 



^stals of pyrite. 
shown; crystals 


Fig. 351. Dodecahedral crystals of gar- 
net imbedded in mica schist. 
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these minerals, and recognition of the crystal forms aids greatly in 
identifying the minerals. 

Structure. The structure of minerals generally refers to their out- 
ward shape and form. The following descriptive terms are used in this 
connection, some of which are self- 
explanatory; crystallized, occur- 
ring as crystals or showing crystal 
faces; massive, not bounded by 
crystal faces — the antithesis of 
crystallized; columnar; fibrous 
(Fig. 352); botryoidal (Fig. 353), 
consisting of small rounded forms 
like closely bunched grapes; reni- 
form, kidney-shaped; micaceous, 
occurring in thin cleavable sheets 
or flakes; granular, in aggregates 
rse to fine grains; compact; 
; oolitic, formed of small 
eres which resemble fish roe. 
Cleavage and Fracture. The 
manner in which many minerals 
break is so characteristic that it is of 
in identifying them. If they break so that smooth plane sur- 
are produced, they are said to have a cleavage. This cleavage in- 
occurs along planes, but these planes may or may not be paral- 
crystal faces. Some minerals 
but one cleavage, others two, 
three, or even six different cleavage 
directions. The number of cleav- 
age directions that a mineral has 
serves as an aid in determining the 
mineral. Good examples are the 
cubic cleavage of galena, whereby 
the mineral cleaves in three planes 
at right angles to one another, so 
that it breaks up into innumerable 
small cubes (Fig. 354) ; the rhom- 
bohcdral cleavage of calcite-~three ; 
planes not at right angles, so that the resulting cleavage fragments arc 
rhombohedrons (Fig. 355) ; and the cleavage of mica — in one direction 
only, the most remarkable example of cleavage in the whole mineral 
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kingdom, by virtue of which the mica can be cleaved into sheets or 
flakes of indefinite thinness. 

If a mineral has no cleavage, the nature of its broken surface — its 
jracture — is more or less distinctive. The kinds of fracture are; con- 
choidal (Fig. 362) , if the surface of 
fracture is curved like the interior 
of a clam shell; fihroij^ or splintery, 
if it is like that of wood; uneven 
or irregular, if the surface is 
rough. 

Color. The color of a mineral is 
one of its most conspicuous physical 
properties. The color of some min- 
erals is a definite and constant 
property and serves as a ready 
means of identification. For ex- 
ample, the golden yellow of chalco- 
pyrite, the lead-gray of galena, the 
black of magnetite are striking 
properties of these minerals. Sur- 
face alterations are likely to change 
the color of a mineral, as is shown by the golden tarnish fre- 
quently seen on pyrite. To observe the true color of a mineral a 
fresh surface should therefore be examined. 

Many minerals differ in color in 
different specimens. This is due 
chiefly to a change in composition, 
such as an increase of iron content 
in sphalerite, with consequent 
darkening of the color of the min- 
eral; or to impurities, such as the 
red color given to quartz by an 
admixture of hematite. Other 
minerals, such as fluorite, show a 
wide range in color without per- 
ceptible changes in composition. 

Color of Powder or Streak. 
The color of the streak is an im- 
portant aid in identifying some minerals. The streeik is a thin layer of 
the powder of the mineral obtained by rubbing the mineral on an un- 
glazed porcelain plate known as a streak plate. The color of the streak 



Fig. 353. Botryoiclal structure, as shown 
by pitchblende, the chief ore mineral of 
radium and uranium. 



Fig. 352. Fibrous structure, as sliown 
by asbestos. 
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may be similar to the color of the mineral or quite different. For ex- 
ample, some varieties of hematite are brilliantly black, but they give 
a red-brown streak which positively identifies them as hematite. 

Luster. The luster of a mineral is due to the quality and intensity 
of the light it reflects. Luster must not be confused with color, for two 
minerals of the same color can have totally different lusters, just as a 
black paint of shiny finish, such as an enamel, differs in appearance 
from a black paint of dull finish because it reflects light differently. 



Fig. 354. Cleavage fragments of galena, showing perfect cubic cleavage. Smaller 
fragments, at right, are reflected in the perfect cleavage face of the larger fragment behind 
them. 


Descriptive terms are given to the various lusters. A list that in- 
cludes the more important is as follows: 

Metallic. Having the luster of a metal. Example; pyrite. Mo.st minerals that 
give a dark or black streak have metallic luster. 

Vitreous. Having the luster of glass. Example ; quartz. 

Resinous. Having the luster of yellow resin. Example: sphalerite. 

Pearly. Having the iridescence of pearl. Example; some varieties of feldspar. 

Greasy. Appearing as if covered with a thin layer of oil. Example : some vari- 
eties of massive quartz. 

Silky. Like silk, as the result of a finely fibrous structure. Example; fibrous 
gypsum. 

Adamantine. Having a brilliant, almost metallic, luster like that of a diamond. 

Hardness. Minerals differ greatly in their hardness; consequently 
the determination of this property is an important aid in identifying 
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them. The relative hardness of a mineral can be determined by com- 
paring it with a series of minerals that has been chosen as a standard 
scale. The scale consists of the following minerals, each mineral being 
harder than those that precede it. 

Sc.'\LE OP Hardness 

1. Talc 4. Eluorite 

2. Gypsum 5. Apatite 

3. Cal cite 6. Orthoclase 

7. Quartz 

The relative hardness of a mineral in terms of this scale is determined 
by finding which of these minerals it can scratch and which it can not 
scratch. In determining hardness the following pre- 
cautions must be observed. A mineral softer than 

another may leave a mark on the harder one which 
can be mistaken for a scratch. The mark can be 
rubbed off, however, whereas a true scratch is per- 
manent. Some minerals are commonly altered on 
the surface to material much softer than the origi- 
nal material. The physical structure of a mineral 
may prevent a correct determination of its hard- 
ness. Tor instance, if a mineral is powdery, finely rhomb of 
granular, or splintery in its structure, it can ap- 
parently be scratched by a mineral much softer than itself. When 
making the hardness test, it is always advisable to confirm the test by 
reversing the procedure, that is, by rubbing the unknown on the ma- 
terial of known hardness. 

The following materials serve as additions to the above scale. The 
convenient finger nail is a little over 2 in hardness, as it can scratch 
gypsum but not calcite. A copper coin is slightly more than 3 in hard- 
ness, as it can scratch calcite but not fluorite. The steel of an ordinary 
pocketknife is just over 5, and ordinary glass has a hardness of 5.5. 

Specific Gravity. The specific gravity of a substance is expressed 
as a number that indicates how many times heavier a given volume of 
the substance is than an equaT volume of water. Minerals range in 
specific gravity between 1.5 and 20.0; most range between 2.0 and 4.0. 
There are various instruments that enable one to determine the specific 
gravity of a mineral with accuracy, but ordinarily it is sufficient to 
judge the weight of a fair-sized piece in the hand. After some experi- 
ence rather small differences in specific gravity can be detected in this 
way, and the specific gravity of a mineral can be roughly estimated. 



8. Topaz 

9. Corundum 
10. Diamond 
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Common Minerals 

The more widely occurring minerals are described on the following 
pages. The student should compare these descriptions with as many 
different specimens of the minerals as possible, and should note the 
form, color, and luster of each sample and make the simple tests for 
hardness, streak, and specific gravity. 

Magnetite. An oxide of iron, a combination of ferrous and ferric 
oxides, Fe 0 -Te 20 ;{, or FesO.!. 

Physical Properties. Black; metallic luster. Streak 
black. Hardness 6. Sp. gr. 5.17. Strongly magnetic ; 
hence its name. Granular or massive; fairly common 
in octahedral crystals (Fig. 356) . 

Occurrence. A valuable iron-ore mineral, con- 
taining 72 per cent of iron. It is mined in the Adiron- 
dacks. New Jersey, Pennsylvania, Utah, and in many 
other parts of the world. It is common as a minor 
constituent in rocks, particularly in the darker- 
colored igneous rocks. The black sand of the seashore is largely 
magnetite. 

Hematite. The ferric oxide of iron, FeoOs. 

Physical Properties. Dark steel-gray to iron black; brilliant metal- 
lic luster (except in earthy specimens) . Streak light to dark red-brown 
(not clearly apparent in some micaceous specimens) . Streak distin- 
guishes it from limonite. Hfirdness 5.5 to 6.5, but not always deter- 
minable. Sp. gr. about 5. Granular, micaceous, earthy (in this form 
it is red) , botryoidal, or reniform. Rarely in crystals. 

Occurrence. Hematite is widely distributed in rocks and is the 
most abundant ore mineral of iron. More than nine-tenths of the iron 
produced in the United States comes from ores consisting of this min- 
eral. The chief iron-producing districts are near the shores of Lake 
Superior in Michigan, Wisconsin, and Minnesota. Other important 
districts are in northern Alabama and eastern Tennessee. Earthy 
hematite is the pigment that gives many sandstones their red color. 
It is used in red paints and as a polishing material. 

Limonite.^ Mainly minutely crystalline goethite, HFeG 2 . 

Physical Properties. Dark brown to nearly black. Streak yellow- 
ish brown, which distinguishes it from hematite, though both minerals 
may be present in the same specimen. Hardness 5 to 5.5 (but earthy 
si)ccimens appear to be much softer) . Sp. gr. about 4. Commonly as 

1 Commonly used as a field term for any hydrous iron oxide. See page 32. 



FicJ. 356. Oc- 
tahedron, as 
viewed fro in 
above. 
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botryoidal and related forms having radiating fibrous structure; also in 
stalactitic forms resembling icicles; earthy. Some limonite is a product 
of chemical alteration of hematite, and structure can not be used to 
distinguish one from the other. 

Occurrence. A valuable source of iron. Limonite is a common min- 
eral formed by the oxidation and hydration of the iron in previously 
existing minerals. Ordinary iron rust is limonite. It gives brown, 
orange, and yellow colors to many w^eathered rocks, nonweathered sedi- 
mentary strata, and soils. 

Pyrite. Iron sulphide, FeSa. 

Physical Properties. Pale brass-yellow, but some specimens are 
tarnished to deeper shades of yellow. Streak black. Hardness 6 to 
6.5 (unusually hard for a sulphide). Sp. gr. about 5. Generally gran- 
ular. Common as crystals, especially as cubes whose faces are marked 
with fine parallel lines, or striae (Fig. 350) . 

Occurrence. The most common sulphide mineral. Occurs in many 
rocks and is an important vein mineral. May carry small amounts of 
gold or copper and so become an ore for both these metals. Is not used 
as an ore of iron, but as a source of sulphur in the manufacture of 
sulphuric acid. Its presence in building stones detracts from their 
value, as its oxidation produces not only iron oxide stains but also 
sulphuric acid, which causes the stones to disintegrate. 

Chalcopyrite (Copper Pyrite). Copper-iron sulphide, CuFeSg. 

Physical Properties. Golden yellow; generally tarnished to bronze 
or iridescent colors. Streak greenish black. Hardness 3.5 ; hence much 
softer than pyrite. Sp. gr. 4.1 to 4.3. As a rule massive, rarely in 
crystals. 

Occun'ence. An abundant and valuable ore mineral of copper. Oc- 
curs widely distributed in vein deposits with many other sulphide 
minerals. 

Sphalerite. Zinc sulphide, (Zn,Fe)S. 

Physical Properties. Commonly yellow-browm to dark brown, being 
darker in the varieties containing more iron. R.esinous to submctallic 
luster. Hardness 3.5 to 4. Sp. gr. about 4. White to yellow and 
brown streak, of lighter shade than the mineral itself. Has brilliantly 
flashing cleavage planes trending in six different directions. As a rule 
massive. 

Occurrence. The most important source of zinc. Widely distributed, 
generally in veins or irregular bodies in limestone. Associated gener- 
ally wdth galena, pyrite, and chalcopyrite. 

Galena (ga-le'na) . Lead sulphide, PbS. 
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Physical Properties. Lead-gray. Bright metallic luster. Streak 
grayish black. Hardness 2.5 (soft). Sp. gr. about 7.5. Perfect cleav- 
age in three planes at right angles to each other, forming cubes (not 
apparent in finely granular specimens) . Occurs in natural cubic crys- 
tals (Fig. 354) , but massive and granular aggregates are more common. 

Occurrence The chief source of lead. Some contains silver and 
serves as an ore of that metal. Commonly occurs with zinc minerals. 

Calcite. Calcium carbonate, CaCOs. 

Physical Properties. Generally white or colorless. Also variously 
tinted, gray, red, green, and blue. Usually opaque or translucent; 
rarely transparent. Hardness 3. Sp. gr. 2.7. Perfect cleavage in three 
planes at oblique angles to each other, giving rhombic-shaped faces 
(rhombohedral cleavage; Fig. 355). In crystals generally of rhombo- 
hedral form. Effervesces freely on application of a drop of cold acid. 
This serves to distinguish calcite from dolomite, CaMg(C03)2, another 
common carbonate, which does not effervesce under these conditions. 

Occurrence. A very common mineral. Is the chief constituent of 
limestones and marbles; also common in veins. Used in the manufac- 
ture of lime, plaster, and cement, as a metallurgic flux, and in chemical 
industries. 

Dolomite. Carbonate of calcium and magnesium, CaMg (003)2- 

Physical Properties. Generally white or gray; rarely flesh-colored. 
Opaque to translucent. Hardness 3.5 to 4 (harder than calcite). 
Perfect cleavage in three planes not at right angles to each other (rhom- 
bohedral cleavage). Sp. gr. about 2.8. Vitreous to pearly luster. 
Does not effervesce wUen a drop of cold acid is applied, unless the acid 
is placed on a scratched or powdered surface. In this respect it differs 
from calcite. In granular masses and in crystals, some of which have 
curved faces. 

Occurrence. Composes the rocks called dolomite and dolomitic 
marble. Also as a vein mineral. As rock, is used as a building and 
ornamental stone; for the manufacture of some cements; as a source 
of the metal magnesium and of magnesia for refractory substances; and 
as agricultural lime. 

Gypsum. liydroiis calcium sulphate, CaS04”2H20. 

Physical Properties. Usually white or colorless. Hardness 2 (easily 
scratched with the finger nail) . Sp. gr. about 2.3. Has one very per- 
fect cleavage; another imperfect cleavage visible in some specimens. 
In tabular diamond-shaped crystals or in granular masses ; also fibrous. 

OcoLurrence. Is a mineral widely distributed in sedimentary rocks, 
frequently in thick beds. It is commonly interstratified with limestones 
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and shales. Generally occurs in association with salt beds. Is chiefly 
used for the production of plaster of Paris, 

Halite (Common Salt). Sodium chloride, Nad 

Physical Properties, White or colorless. Hardness 2.5. Sp. gr. 
about 2.1. Perfect cleavage in three planes at right angles to one 
another (cubic cleavage). Transparent to translucent. Salty taste. 
Generally in cubic crystals or in masses showing cubic cleavage. 

Occurrence. In thick beds interstratified with sedimentary rocks and 
associated with gypsum. Used for cooking and as a preservative; also 
extensively in the chemical industry. 

Quartz. Silicon dioxide, Si02. 

Physical Properties. Colorless or white; but many varieties are 
colored by impurities: yellow, red, pink, amethyst, green, blue, brown, 
black. Vitreous luster. Transparent to opaque. 

Hardness 7. Sp. gr. 2.65. Conchoidal fracture. 

Commonly in hexagonal crystals similar to Pig. 357. 

The triangular faces at the ends of the crystals are 
usually smooth, whereas the rectangular faces be- 
tween the ends are horizontally striated. Generally 
massive, as in quartz veins. 

Varieties. There are many varieties of quartz to 
which different names are given. A few are: rock 
crystal, colorless quartz, commonly in distinct crys- 
tals; amethyst, quartz colored purple or violet; rose quartz, usually 
massive with a pink color; smoky quartz, smoky yellow to brown or 
almost black; chalcedony, finely fibrous variety, translucent with 
waxy luster; agate, a variegated chalcedony delicately banded in 
different colors. 

Occurrence. Quartz is one of the most common minerals. It is 
abundant in many rocks and is the commonest vein mineral. It makes 
up the largest part of most sands. It is widely used in its various 
colored forms as ornamental material. It is used as an abrasive, in 
the manufacture of glass and porcelain, in paints, scouring soaps. As 
sand it is used in mortars and cements. Quartzite and sandstone- 
rocks made up largely of quartz — are used in building. 

Garnet. Garnet is a group name, there being several kinds, which 
differ from one another in the elements they contain. All are silicates 
of analogous formulas. The most widely prevalent garnet, almandite, 
contains ferrous iron and aluminum, Fe 3 Al 2 (Si 04 ) 3 . Other garnets 
contain magnesium, calcium, manganese, and ferric iron. 



Fig. 357. Model 
of a quartz crystal. 
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Physical Properties. Color varies with the composition. Most com- 
monly red or brown. Also yellow, white, green, black. Transparent to 
almost opaque. Hardness 7. Sp. gr. 3.2-4.3 (varies with composition). 
Generally well crystallized, either in a form showing 12 rhombic-shaped 
faces (dodecahedron, Fig. 351) or 24 trapezium-shaped faces (trapezo- 
hedron). 

Occurrence. Garnet is a widely distributed mineral, occurring most 
commonly in metamorphic rocks. Used as an inexpensive gem stone 
and, because of its hardness, as an abrasive material. 

Orthoclase (Potassium Feldspar). Potassium-aluminum silicate, 

KAlSigOg. 

Physical Properties. Colorless, white, gray, flesh-colored, pink, 
and red; rarely blue-green and green. Hardness 6. Sp. gr. 2.56. Has 
two good cleavages making angles of 90° with each other (whence the 
name of the mineral) . 

Occurrence. The most common silicate. Widely distributed as a 
prominent constituent of rocks of many kinds, but most abundantly 
in granite and allied rocks. Also in large crystals and cleavage masses 
in coarse-grained rock known as pegmatite. From these pegmatites it 
is ciuarried in large amounts for use in the manufacture of porcelain. 

Plagioclase (pla'ji-6-kIaz) Feldspars. Sodium-calcium-aluminum 
silicates. 

Physical Properties. Various shades of gray, less commonly white. 
Transparent to opaque. Hardness 6. Sp. gr. 2.6-2.76. Have two 
cleavages making angles of nearly 90° with each other, one of them 
(the basal cleavage) being better than the other. Most plagioclase can 
be distinguislied from orthoclase by the presence on the basal cleavage 
planes of a series of striae (fine parallel lines, which resemble rulings 
made by a fine diamond point). Some cleavage surfaces, especially of 
dark-gray plagioclase, give a beautiful play of colors when specimen 
is rotated in good light. The wdiite variety commonly occurs in thin- 
bladed crystals with curved surfaces and a pearly luster. 

Occurrence. In much the same manner as orthoclase. The plagio- 
clase in gabbros is likely to be dark colored or black and therefore not 
easily distinguishable from the associated pyroxene. 

Muscovite (White Mica). A complex silicate containing potassium 
and aluminum. 

Physical Properties. Has a perfect cleavage in one direction, which 
allows the mineral to be split into exceedingly thin sheets or flakes. 
These sheets are flexible and elastic. Transparent and almost colorless 
in thin sheets, but impurities commonly form dark splotches. In. 
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thicker blocks is opaque and is colored in light shades of brown and 
green. Hardness 2 to 2.5. Sp. gr. 2.76-3. 

Occurrence. A. common rock-making mineral. It occurs in granite 
together with quartz and feldspar, and with the same minerals in peg- 
matite. It is characteristic of a series of rocks made up of abundant 
mica, in which it is arranged in parallel orientation, with the result that 
the rocks split in flakes and slabs parallel to the cleavage of the mica. 
These rocks are known as mica schists. Is used chiefly as an insulating 
material in the manufacture of electrical apparatus. There are many 
minor uses. 

Biotite (Black Mica). A complex silicate containing potassium, 
magnesium, iron, and aluminum. 

Physical Pi'operties: Perfect micaceous cleavage. Cleavage sheets 
and flakes are flexible and elastic. Generally dark green, brown, or 
black. Thin sheets usually have a smoky color (differing thus from 
the almost colorless muscovite) . Hardness 2.5 to 3. Sp. gr. 3.0. 

Occurrence. An abundant rock-making mineral, common in granites 
and many gneisses and schists. 

Chlorite. A complex silicate containing magnesium and aluminum. 
A numerous group of minerals of similar properties are called collec- 
tively chlorite because of their prevailing green color. 

Physical Properties. Perfect micaceous cleavage. Flakes are flex- 
ible, but are not elastic (differing in this lack of elasticity from musco- 
vite and biotite) . Green of various shades. Hardness 2 to 2.5. Sp. 
gr. 2.65-2.96. 

Occurrence. A common rock-making mineral. The green color of 
many rocks is due to the presence of this mineral. This is particularly 
true of many schists and slates (green roofing slates). 

Serpentine. Hydrous magnesium silicate, Mg 3 Si 205 ( 0 H).i. 

Physical Properties. Olive green, yellow-green to blackish green. 
Luster greasy or -wax-like; silky when fibrous. Hardness 2.5 to 5, 
generally 4. Sp. gr. 2.50-2.65. Usually massive but also fibrous or 
felted. 

Occurrence. A common mineral, widely distributed. Invariably an 
alteration product of some magnesian silicate, chiefly olivine. It is the 
chief constituent of the rock called serpentine, some varieties of wdiic]i 
are used as ornamental stone. The fibrous variety knowm as chrysotile 
is the principal source of asbestos. 

Olivine. Silicate qf magnesium and iron, (Mg,Fe) 2 Si 04 . 

Physical Properties. Olive green to yellowish green; rarely browm- 
ish. Transparent to opaque. Hardness 6.5 to 7. Sp. gr. 3.27 to 3.37. 
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Vitreous luster. Conchoidal fracture, causing it to look as if it were 
a yellowish green quartz. 

Occurrence. In dark igneous rocks — gabbros, peridotites, and ba- 
salts. 

Pyroxene and Amphibole 

These two abundant rock-making minerals are similar in some re- 
spects, and consequently it is difficult to discriminate them in most 
rocks, where good crystal forms are rare. However, it is well to study 

them separately under favorable 
conditions, in order to appreciate 
their differences as well as their 
points of similarity. 

Pyroxene. Silicate of cal- 
cium and magnesium; also vary- 
ing amounts of aluminum, iron, 
and sodium. Pyroxene is the 
name of a group of minerals 
comprising many varieties de- 
pendent on chemical composi- 
tion. 

Physical Properties. Light to 
dark green or black; rarely 
white. Commonly opaque. 
Hardness 5 to 6. Sp. gr. 3.1 to 
3.6 (varies with composition). In prismatic crystals with eight sides 
(Fig. 358a) ; in reality square prisms whose corners are truncated. 
The angle between alternate faces is therefore nearly 90°. These faces 
will fit into the corner of a box or tray. By means of these angles 
pyroxene can best be told from amphibole. Some specimens show a fair 
cleavage parallel with the faces lettered m in the figures, the angle be- 
tween the cleavage faces being also nearly 90°. This cleavage is not 
visible in all specimens used for demonstration purposes. 

Occurrence. Pyroxene is a highly abundant rock-making mineral 
occurring chiefly in dark-colored igneous rocks. In these it is dark 
colored or black; the light-colored or white pyroxene is restricted to 
the metamorphic rocks. Rare in rocks that contain much quartz. 

Amphibole. Silicate of calcium and magnesium with varying 
amounts of aluminum, iron, and sodium. Somewhat like pyroxene in 
composition, but contains water of constitution. 



(a) Q>) 


Fig. 358«. Cross-section of pyroxene 
(eight-sided) perpendicular to the long axis 
of the crystal. The mineral cleaves along 
planes parallel to the faces indicated by m. 
Alternate facas (those marked m and those 
unmarked) are practically at right angles to 
each other. 

Fig. 3685. Cross-section of amphibole 
(six-sided) perpendicular to the long axis of 
the crystal. The mineral cleaves along 
planes parallel to the prism faces (m) , which 
make angles of 56° and 124° with each other. 
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Physical Properties. Light to dark green or black; rarely white. 
Commonly opaque. Hardness 5 to 6. Sp. gr. 2.93 to 3.8 (varies with 
composition) . Commonly in prismatic crystals with six sides. Figure 
3586 shows that the angles between the faces lettered m are 124° and 
56° (very different from the corresponding angles in pyroxene) . Has a 
good cleavage parallel with the faces lettered m. 

The differing forms of the crystals, the differing cleavage angles, and 
the fact that amphibole has the better cleavage are the chief distinc- 
tions between amphibole and pyroxene. If cross-sections can be found, 
amphibole, being six-sided, can readily be distinguished from pyroxene, 
which is eight-sided. Compare Fig. 358a with 3586. Amphibole as a 
rule has a higher luster and yields smoother, more continuous cleavage 
surfaces than does pyroxene. Some varieties of amphibole have long, 
needle-like crystals, resulting in a fibrous structure. Pyroxene does not 
occur in this form. 

It will bear repeating that the presence of well-formed crystal faces 
or cleavage surfaces is essential in order to distinguish between py- 
roxene and amphibole in hand specimens. 

Occurrence. Amphibole is an abundant rock-making mineral, occur- 
ring in both igneous and metamorphic rocks. 

Hornblende is a common dark variety of amphibole. 

Pyroxene and amphibole together with biotite are the common dark 
constituents of many rocks. The first two can be distinguished from 
biotite by the fact that they occur in prismatic crystals that can not be 
divided into thin elastic fiakes; that is, they lack the perfect cleavage of 
the micas. If present as small grains in a rock, they lack the high luster 
characteristic of flakes of biotite. They can be distinguished from 
chlorite by their much greater hardness as well as by their form and 
lack of micaceous cleavage. 
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ROCKS 

If we would know the life history of our planet, we must learn the origin, struc- 
tural relations, and composition of pur rocks. We must discover the forces — 
chemical and physical — ^which work in and upon them, and we must see how they 
work. — George Huntington Williams. 

Rocks are the materials composing the units of which the Earth’s 
outer shell is built. It is not possible to give a simple all-inclusive 
definition of rock. Most rocks are made up of grains of minerals of 
one or more kinds. Some, however, are made up of fragments of older 
rocks. 

Rocks differ widely in appearance and other properties according to 
the constituents present, the number of these constituents, their relative 
abundance, their size, and the pattern formed by their arrangement and 
association. The kinds of rocks are many, but, if classified according 
to the ways in which they were formed, they fall into three major 
classes: 

I. Igneous rocks, formed by solidification of molten rock matter, 
as exemplified by the rocks formed by the cooling of lava 
poured out from a volcano. 

II. Sedimentary rocks, most of which were formed by their sub- 
stance settling as sediment from a body of water. 

III. Metamorphic rocks formed from pre-existing rocks by the de- 
velopment of new characters as the result of heat, deforma- 
tion, or other geologic agents acting on the pre-existing rocks 
within the Earth’s crust. 

Every rock carries within itself more or less evidence of its mode of 
origin. As one of the prime purposes of geology is to determine the 
constitution, structure, and history of the Earth’s crust, the recognition 
of rocks and the ability to interpret their meaning is of fundamental 
importance. 
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Pia. 369. Amygdaloidal structure. The cavities, originally spherical and almond- 
shaped, became filled with newly deposited minerals forming amygdcden; the resulting 
rock is an amygdaloid. The circular cross-sections of the amygdales contrast with the 
rectilinear boundaries of the phenocrysts in porphyries (Fig. 361). 


pansion of gases liberated froni the surrounding molten rock matter) , 
it is said to have a vesicular structure; such a structure indicates that 
the rock having it is of igneous origin. If the vesicles become filled with 
minerals, the resulting structure is called amygdaloidal (Fig. 359) . 

Texture is the appearance of a rock as determined by the size, shape, 
and arrangement of its constituent mineral grains. The magnitude of 
the grains determines the grain size of the rock: if the grains are as 
large as peas, the rock is coarse grained in texture; if they are the size 
of those in granulated sugar, the rock is fine grained. If a rock is made 
up of grains large enough to be recognized by the unaided eye, it is said 
to be phanero crystalline, or more shortly, phaneric (fan-e'rik). If the 
grains are so small that they can not be distinguished as individuals by 
the unaided eye and the rock seems to be a homogeneous substance, the 
rock is said to be aphanitic. 


Characters Used in Identifying Rocks 


The properties most useful in identifying rocks are structure, texture, 
hardness, md fracture. 

Structure is the term used for the larger featmns of the construction 
and arrangement of the parts of rocks. Layering is such a feature; it 
generally indicates sedimentary origin. If a rock contains spherical 
or almond-shaped cavities called vesicles (“blowholes” formed by ex- 
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The shape of the mineral grains and their arrangement with respect 
to one another produce a characteristic pattern, called the fabric of the 


F, 0. Calkins, Z7. S. Geological Survey, 

Fig. 360. • Equigramilar igneous rock. Granite from Glacier Point, Yosemito Valley, 
California. 


rock. Tor example, a rock composed of grains of about one size has an 
equigranular fabric (Tig. 360), and a rock in which the grains differ in 


Porphyry; contains many well-formed phenocrysts (the white crystals of 
feldspar), which are inclosed in an aphanitic groundmass. 


size has an inequigranular fabric. A common form of inequigranular 
fabric is called porphyritic, in which large conspicuous crystals are in- 
closed in a fine-grained or aphanitic matrix. The matrix is called the 
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groundmass, and the large conspicuous crystals inclosed in it are called 
phenocrysts (fe'no-krists). A strikingly porphyritic rock is shown in 
rig. 361. The explanation of the origin of the porphyritic fabric is 
given on page 296. 

Certain textures are of definite help in identifying rocks. The tex- 
ture of a granite, wdiich is so distinctive that it is termed the granitic 
texture, proves not only that the granite is of igneous origin, but also 
that it formed under conditions of slow undisturbed cooling. A rock 



Fig. 362. Conchoidal fracture in volcanic glass. 


of glassy texture is also of igneous origin, but the glassy texture shows 
that the rock, unlike granite, was formed by the rapid solidification of 
molten rock matter, for a natural glass is the result of drastic chilling. 
Clastic texture, wdiich occurs in rocks that are made up of angular or 
more or less rounded fragments of minerals and rocks, is characteristic 
of many sedimentary rocks. Other textures arc described in connection 
with particular rocks. 

Hardness is useful in distinguishing between certain kinds of rocks. 
Many rocks resemble limestone, but the test for hardness wuth the 
knife point serves at once to distinguish a limestone, whose hardness 
is 3, from the much harder rocks that resemble it. 

Fracture is a less useful property. However, perfect conchoidal frac- 
ture characterizes volcanic glasses (Pig. 362) ; and a scmi-conchoidal 
fracture yielding shell-like fragments characterizes shales. Most meta- 
inorphic rocks tend to split into slabs or thin flakes, and this property 
is a valuable aid in their recognition. 
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Igneous Rocks 

Since rocks formed by the congelation of molten rock matter vary 
in texture and in composition, these two features are used in classify- 
ing the igneous rocks. By taking texture as the criterion for sub- 
dividing the igneous rocks, we obtain five major classes: 

I. Equigranular phansrites, in which all the component minerals 
are about the same in size and are large enough to be identified 
by the eye alone or aided by a pocket lens. 

II. Porphyritic-gmnular, in which certain minerals — ^the pheno- 
crysts — ^by virtue of their large size contrast conspicuously 
with those which surround them, thus forming a porphyry 
having an equigranular groundmass. 

III. Porphyritic-aphanitic, in which the large crystals — ^the pheno- 

crysts — are set in an aphanitic groundmass, 

IV. Aphanites, in which all the constituents are indistinguishable by 

the unaided eye. 

V. Glasses, in which few or none of the constituents have crystal- 
lized. 

This order from Class I to Class V marks in a general way the de- 
creasing amount of easily recognizable minerals in rocks: in Class I, 
all the constituents can be easily distinguished as individual grains by 
the unaided eye; in II, the phenocrysts can be easily distinguished, but 
the constituents of the groundmass less readily ; in III, the phenocrysts 
alone are distinguishable; and in IV, none of the constituents can be 
recognized. 

Each major class is then subdivided on the basis of its mineral com- 
position — on the kinds of minerals present and the proportions in which 
they occur. To these subdivisions the actual rock names are given. 
For example, an equigranular rock composed of feldspar, quartz, and 
generally also a dark mineral, as a rule biotite, is called granite. 

By applying these principles, the following classification of igneous 
rocks is obtained, as shown in the accompanying table. 

Remarks on the Table. The glassy rocks, which are rare, being left 
out of account, the following remarks should aid in making clear the 
classification of igneous rocks shown in the table. 

. All rocks in the same horizontal row have the same texture. 

All rocks in the same vertical column have essentially the same chem- 
ical composition; for example, granite, granite porphyry, and rhyolite 


-DECEEASING GRAIN SIZE 


ROCKS 


565 


Table oe Igneous Rocks 


Subdivisions of Major Classes 
( based on mineral composition) 
Generally increasing proportion of dark minerals-^ 


Major Classes 
(based on texture) 


Light-colored minerals, chiefly feldspar, 
predominate 


j Equigranular, 
coarse grained 
(phaneric) 


Granite Diorite 

I (has quartz) (has no quartz) 


II 


PoBPHYRiTic, with gen- 
erally fine-grained 
granular groundmasa 


Granite 
PORFHniT 
(has quartz) 


Diorite 
Porphyry 
( has no quartz) 


Rhyoutb 
( has phenocrysts 
of quartz) 


(has no pheno- 
crysts of quartz) 


IV 


Nonporphyritio, 

aphanitio 


Felsitb 


V Glassy 


Obsidian 

Petchstone 

Pumice 


Dark minerals Dark minerals 
predominate entirely 


Gabbro 

Dolerite (grain 
size is intermedi- 
ate between that 
of gabbro and ba- 
salt) 


Peridotitb 
I Hornblenmtb 
Ptboxenitb 


Gabbro 

Porphyry 


Basalt 


Basalt Glass 


are alike in chemical composition. In physical appearance, however, 
they differ notably: a granite differs somewhat from a granite porphyry, 
and vastly from a rhyolite. Yet it is possible to assemble a series of 
specimens that wdll bridge by imperceptible gradations the vast gap 
between granite and rhyolite. The differences between granite, granite 
porphyry, and rhyolite are mainly the results of different rates of cool- 
ing of magmas of identical composition. When such a magma cools 
slowly within the Earth’s crust it forms granite, whereas the same 
magma, if erupted on the Earth’s surface where it would be drastically 
chilled, would solidify as rhyolite. In the same way a magma that 
w'ould yield diorite in depth would, if erupted at the surface, solidify as 
andesite; and a magma that yields gabbro in depth solidifies as basalt 
on the Earth’s surface. These facts can be epitomized thus: rhyolite 
is the extrusive equivalent of granite; andesite is the extrusive equiva- 
lent of diorite; and basalt is the extrusive equivalent of gabbro. 

The rocks in w^hich the light-colored minerals predominate are light 
in color and light in weight; that is, they are of low specific gravity. 
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The rocks in which the dark (ferromagnesian) minerals predominate 
arc dark in color and heavy in weight. The range in specific gravity — 
from 2.67 for the average granite to 3.0 for gabbro — ^is not large, but is 
sufficient after experience to serve as an aid to identification. 

Although in the table each rock is in a separate compartment, in 
Nature no rock variety is as sharply delimited from its neighbors as it 
seems to be in the table. For example, there are transitional varieties 
between granite and diorite and between granite and granite porphyry. 
No hard and fast boundaries set off any of the so-called rock species. 
Tliese facts often make it difficult to classify a given rock. Further 
difficulties are presented by the finer-grained rocks, especially the 
aplianitic group. When accurate identification of a rock becomes a 
matter of high importance, recourse must be had to the microscope. 

EQUIGRANIJLAR PHANERITES 

An equigranular phanerite is the result of slow cooling, or of slow 
cooling combined with retention of the gas content in the cooling 
magma until a late stage in its solidification. Typically, then, the 
phanerites occur in deep-seated intrusive bodies, especially in batho- 
liths (p. 289) . In such deep-seated masses cooling was necessarily long 
protracted, and the pressure was sufficient to keep the gases within the 
magma and to allow them to exercise their power of promoting coarse 
crystallization. Hence these rocks are often called deep-seated rocks or 
plutonic rocks in fanciful reference to the realm in which they orig- 
inated. 

Granite. As may be seen from the scheme of classification, granite 
is composed largely of quartz and feldspar (mainly of the variety or- 
thoclase) . It contains also as a rule some mica, generally the black 
mica biotite; less commonly it contains hornblende, or hornblende and 
biotite together. All these component minerals are roughly of the same 
size, and large enough to be recognizable by the unaided eye. Hence 
granite is said to be equigranular and phaneric. The minerals began 
to separate from the magma in a definite order: first the dark minerals, 
hornblende and biotite; then the feldspars; and last the quartz. The 
dark minerals, being the first to crystallize, were not hampered in their 
growth by the presence of any neighbors, and so are generally in the 
form of sharply defined crystals; and the feldspars, having begun to 
grow later, are less well crystallized, for . where they abutted upon the 
earlier-formed dark minerals their freedom to grow was hampered. As 
the quartz was the last mineral to separate from the magma, it had to 
take what space W’’as left, and it is therefore molded around the earlier 
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minerals and occupies the angular interspaces between them. This 
habit of the quartz produces an intimately interpenetrating and inter- 
locking arrangement. This interlocking equigranular phaneric texture 
is so characteristic of granites that it is called for short granitic texture. 
It serves to distinguish rocks of Class I from all others. 

Closely allied to granite is granite ^pegmatite, which is composed 
chiefly of potassium feldspar and quartz and has an abnormally coarse 
grain. 

The average granite contains 60 per cent of feldspar, 30 per cent of 
quartz, and 10 per cent of dark minerals. There are many varieties of 
granite, based on color, texture, and composition. Its common occur- 
rence is shown in the fact that there are few States in the Union or Prov- 
inces in Canada that do not contain exposures of granite; and its use as 
a building and monumental stone is well known. 

Syenite is much like granite in composition but differs in containing 
little or no quartz. It is not a common rock, nor does it as a rule occur 
in large masses compared with the enormous bodies of granite. 

Diorite. Biorite is an equigranular igneous rock composed of feld- 
spar and one or more dark minerals, in which the feldspar is more abun- 
dant than the dark minerals. The feldspar is mainly plagioclase, but 
unless the characteristic striae on the basal cleavage planes of the 
plagioclase can be seen it is generally difficult to recognize the plagio- 
clase with the unaided eye. The dark minerals are biotite, hornblende, 
or pyroxene, occurring either singly or together. 

Gabbro, The average gabbro differs from the average diorite in that 
the feldspar is subordinate and the dark minerals predominate. Horn- 
blende, pyroxene, and olivine are the common dark minerals, occurring 
singly or together ; biotite, though present in some gabbros, is distinctly 
uncommon. Because of the prevalence of dark minerals, gabbro is 
dark and of high specific gravity. Dolerite is a convenient term for the 
basic rocks that in grain size are intermediate between basalts and 
gabbros. 

Peridotite. Peridotite (per'i-do-tit) is composed wholly of ferro- 
magnesian minerals, with olivine predominating. It is not common 
and generally occurs as minor intrusive bodies — dikes, sills, and stocks 
(p. 292) . It is interesting and important, however, as being the source 
of ores of chromium, nickel, and platinum, and of some of the ores of 
iron. It is generally dark or black, and heavy from the large amount 
of iron-bearing minerals present. 

A notable feature of peridotite is its tendency to alter to a dark- 
green rock, serpentinite. In this change the minerals of the peridotite 
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combine with some 14 per cent of water, and this added water causes 
a large expansion of volume, which in turn causes much internal move- 
ment in the attempt of the mass to accommodate its increased volume. 
As a result the serpentinite, or “serpentinized peridotite,” is traversed 
by countless smooth shiny surfaces known as slickensides (p. 374). 
Most peridotite masses the world over are more or less serpentinized. 

Pyroxenite, as its name implies, is composed wholly of pyroxene, and 
hornhlendite comi&is, entirely of hornblende. As a rule these rocks form 
bodies of small size; nevertheless, in places, as at the remarkable plati- 
num deposits discovered in South Africa, pyroxenite occurs in vast 
volume. 

PORPHYBITIC-GRANULAR ROCKS 

The distinguishing feature of rocks of this class is that they contain 
phenocrysts imbedded in a groundmass so coarse grained that its com- 
ponent minerals can be recognized by the unaided eye. The pheno- 
crysts in most of these porphyries are abundant, making up half or 
more of the bulk of the rock. If they exceed 75 per cent of the volume 
of the rock, they are so crowded that the porphyry is indistinguishable 
from the corresponding granular rock. 

Porphyries are common as minor intrusive bodies: as dikes, sills, 
volcanic necks, stocks, and laccoliths (p. 287) . They do not occur as 
batholiths. 

Granite Porphyry, Diorite Porphyry, etc. The typical granite 'por- 
phyry contains conspicuous crystals of feldspar, quartz, and biotite, 
which are set in a granitic groundmass. As its name implies, its com- 
position is like that of granite; it differs from granite in having pheno- 
crysts, and on the average the grain of the groundmass is finer than the 
grain of the average granite. 

Diorite porphyry differs from granite porphyry in containing no 
quartz phenocrysts and in having many phenocrysts of plagioclase 
feldspar. 

PORPHYRITIC-APHANITIC ROCKS 

Rocks of this class are generally of volcanic origin. Extruded upon 
the Earth’s surface, the magmas from which they were formed have 
cooled rapidly. These rocks are characterized by the occurrence of 
porphyritic crystals set in a groundmass that is so fine grained as not 
to be resolvable by the unaided eye or else is partly or wholly glassy. 

Rhyolite. Rhyolite represents the aphanitic lava form of the magma 
that at depth consolidates as granite. It contains phenocrysts of feld- 
spar, quartz, and biotite, and rarely of hornblende. The phenocrysts 
range in abundance within the widest limits, so that there is a complete 
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transition from nonporphyritic to highly porphyritic rhyolite. If the 
amount of phenocrysts exceeds 25 per cent of the volume, the rock is 
by some called a rhyolite porphyry . The colors range from white to 
gray, pink, red, and purple. Rhyolites and andesites with inconspicu- 
ous phenocrysts or with few or no phenocrysts are termed felsites. 

Andesite. Andesites are of many colors, but in general they are 
darker than the rhyolites; dark gray and black are common. They 
are transitional on the one hand into rhyolites; on the other, into 
basalts. The average or typical andesite occupies the intermediate po- 
sition. The darker andesites are of basaltic appearance, but unlike 
basalts their freshly broken thin edges are translucent when held in 
bright light. The phenocrysts in andesite commonly consist of striated 
feldspar and one or more dark minerals (hornblende, pyroxene, or 
biotite). Quartz phenocrysts are absent (distinction from rhyolite). 
Andesite containing many prominent phenocrysts is by some called 
andesite porphyry. 

Andesite and andesite porphyry are enormously abundant among the 
extrusive rocks of the globe. They are the chief products of the vol- 
canoes that form the “circle of fire” surrounding the Pacific Ocean. In 
fact, their prevalence in the Andes of South America caused them to 
be given their name. On account of their great abundance and their 
many differences in color, texture, and mineral composition the variety 
of andesitic rocks is legion. 

Felsite. The difiiculty of discriminating between rhyolite and an- 
desite that are devoid of phenocrysts makes it necessary to use an 
elastic noncommittal name. For the light-colored rocks of this class, 
namely those which are white, light to medium gray, light pink to dark 
red, pale yellow or brown, purple, or light green, rather than dark green, 
dark gray, dark brown, or black, the term jeldte is convenient. 

Some felsites that appear in hand specimens almost as dark as basalts 
should be examined on their thin edges, where the rock is seen to be 
almost white from transmitted light. Basalt specimens are dark even 
on thin edges. 

Basalt. Lavas that are dark gray, dark green, brown, or black are 
termed basalt, the common extrusive equivalent of the basic magmas. 
Basalts are either compact or vesicular (p. 309). If the vesicles have 
become filled with some mineral, such as calcite, chlorite, or quartz, the 
fillings arc called amygdales, and the rock is termed an amygdaloidal 
basalt. Many basalts are without phenocrysts, but others have abun- 
dant conspicuous phenocrysts, consisting of olivine, or pyroxene, or 
less commonly plagioclase, or some combination of these. Therefore, 
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in the Table of Igneous Rocks basalt is shown to fall in both Classes 
III and IV. The phenocrysts are hard and have straight, clean-cut 
boundaries, whereas most amygdales are soft and have irregular, 
roundish, or elliptibal boundaries. 

Basalt is by far the most voluminous of the extrusive rocks. The 
enormous tracts in western America, India, and elsewhere that have 
been flooded by outpourings of basalt are mentioned in Chapter 14. 

Dolerite is the name given to the coarser-grained basalts, in which 
the grains are large enough so that the constituent minerals are nearly 
or quite recognizable. There is no hard-and-fast line between basalt 
and dolerite on the one hand and dolerite and gabbro on the other. 

GLASSY ROCKS 

Volcamc glass occurs as thin crusts on the surfaces of lava flows and 
as lava flows that have cooled rapidly. Most glasses are the products 
of the chilling of silicic magmas (p. 299). Brilliantly lustrous volcanic 
glass is called obsidian, and the duller and more pitchy-lustered variety 
is 'pitchstone. Pumice is frothed glass. Natural glasses, like the ob- 
sidian of Obsidian Cliff, Yellowstone National Park, commonly contain 
crystallized minerals in the form of small spheres which have a radi- 
ating or spokelike structure and are known as spherulites. 

Obsidians are generally dark colored to black. Yet many of them 
correspond in chemical composition to rhyolite and granite; hence 
they seem to contradict the rule that nearly all rocks of siliceous com- 
position are light colored. However, if a piece of black obsidian is 
chipped to a thin edge it transmits the light and loses much of its dark 
appearance. The deep coloring is the result of the uniform distribution 
throughout the glass of a relatively small amount of dark material. 

Basalt glass is of rare occurrence. Its formation requires extremely 
drastic chilling and rapid solidification of basaltic magma. 

Sedimentary Rocks 

Sedimentary rocks arc formed principally in two ways. Some are 
formed by the accumulation of fragments derived from older rocks: 
detritus consisting of rock and mineral particles is carried away from 
its source rocks by water, wind, or ice, is eventually deposited, and be- 
comes hardened into rock. Detrital rocks thus formed are classified 
according to the size of the constituent grains of detritus. The second 
principal class of sedimentary rocks is made of material formerly dis- 
solved in the sea (and to a lesser extent in lakes) , from which it has 
separated either in the form of the shells of organisms or as chemical 
precipitates : rocks of this origin are classified according to composition- 
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By far the most abundant sedimentary rocks are shale, sandstone, 
limestone, and conglomerate. 

Conglomerate consists of gravel that has become firmly cemented. 
The pebbles in it are more or less rounded (Fig. 363) , having become 
water worn by abrasion during stream transport or by buffeting by 
waves in the shore zone. They consist of rocks of any kind, but gen- 


Fig. 363. Conglomerate, containing well-rounded pebbles. About one-half natural size. 


erally of some durable material, such as quartz and quartzite. The 
filling in the interspaces between the pebbles consists of sand and a 
cement, which may be silica, clay, iron oxide, or calcium carbonate. 

Breccia (bret'shia) is like conglomerate, except that most of the frag- 
ments, instead of being water-worn pebbles, are angular, with sharp 
edges and unworn corners. No sharp demarcation separates breccia 
and conglomerate, since, the distinction between them rests on the 
shape of the constituent fragments, which ranges from complete angu- 
larity through subangularity to complete roundness. Breccia, in brief, 
is a coarse angular detrital rock. A firmly cemented alluvial breccia 
is termed fanglomerate (Fig. 178, p. 254), and that of glacial origin is 
tcvmed tilUte (p. 176). 
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1 Sandstone. Color. A wide range of colors; gray, yellow (buff and 

tawny), red, and brown are most common, but green and other tints 
; ‘ occur. 

' ’ Physical Pro'perties. Consists of firmly cemented sand grains. 

Coarse sandstone grades into conglomerate; on the other hand, fine- 
grained sandstone grades into siltstone, the lower limit of grain size 
' for a sandstone being that at which the individual grains are not dis- 

V.( tinguishable by the unaided eye. The grains are chiefly particles of 

\~j quartz or of other durable material. The substance filling more or less 

^ ''' completely the interspaces between the grains is the cement The 

strength and durability of a sandstone depend on the nature of its 
cement, and the porosity depends on the extent to which the spaces be- 
tween the grains have not been filled. As in conglomerates, the cement 
differs in different sandstones. A siliceous cement produces the strong- 
est and most durable sandstone. 

Sandstone wdien fractured breaks around the grains instead of 
through them, because the grains are stronger than the cement. There- 
fore sandstone on its broken surfaces has a gritty feel. In quartzites 
(p. 676) , however, the grains are so firmly cemented that fracturing 
takes place across the grains instead of around them. 

Arhose is a feldspar-bearing sandstone more or less resembling a 
granite. The feldspar can be recognized by its cleavage planes, which 
reflect flashes of light as the specimen is turned from side to side while 
being examined. If an arkose contains biotite, its ■ resemblance to 
granite is greatly heightened. Arkose and granite can be distinguished 
by the fact that in the arkose the quartz is in angular or subangular 
particles, instead of being molded around the feldspar as it is in granite. 

Siltstone. Siltstone is silt that has been converted into rock. It 
is intermediate in grain size between sandstone and shale. 

Shale. Color. Gray in various shades perhaps most common; but 
red and pink in many shades, brown, buff, green, and black are also 
common. 

Physical Properties. Shale is so fine grained as to appear homoge- 
neous to the unaided eye. It is soft enough to be easily scratched. 
Typically it has a smooth and almost greasy feel; but a small amount 
of fine sand in its composition makes the shale somewhat gritty, A 
scmiconchoidal fracture is common in shale, causing it to split parallel 
to the bedding into thin shell-like plates or fragments. 

Shale is essentially clay that has been converted into rock. It is 
therefore high in clayey constituents and is termed an argillaceous rock 
(Latin argilla, clay) . 
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Limestone. Color. Variable, but grays are most common. Lime- 
stone to which plant or animal remains have contributed abundant 
carbon is almost or quite black. 

Physical Properties. Limestone ranges from aphanitic, which is so 
fine grained as to appear homogeneous, to fragmental and granular. 
Aphanitic varieties are made up of chemically precipitated calcium 
carbonate, or of microscopic shells, or of a mixture of both. In some 
coarse-grained limestone, whole or fragmentary shells can readily be 
seen with the unaided eye. If shells are abundant and loosely ce- 
mented, the rock is termed coquina. Some limestones show on their 
freshly fractured surfaces distinct cleavage planes of calcite. 

Limestone necessarily has the same hardness as that of its chief 
constituent calcite (hardness = 3) , and hence can be scratched easily. 
Limestone effervesces vigorously with acid, even cold dilute acid, owing 
to the violent liberation of carbon dioxide gas. Dilute hydrochloric 
acid is the acid most commonly used. 

Many limestones are impure, as the result of admixed clay or sand. 
By increasing amounts of impurities they grade into shale, on the one 
hand, and into sandstone on the other. 

Chalk is a variety of incoherent limestone — incoherent because 
weakly cemented. It is as a rule white or creamy white. 

Marl is a mixture of calcium carbonate and clay. It is a loose friable 
rock, which effervesces readily with acid. 

Dolomite. Dolomite is like limestone in many ways, but it is 
slightly harder and does not effervesce in cold acid except on scratched 
or bruised surfaces, that is, where the rock has been powdered. The 
texture ranges from aphanitic to visibly crystalline. Some dolomites 
are coarsely porous. 

Dolomite, like limestone, is a carbonate rock, but limestone is com- 
posed of calcium carbonate (CaCOa) , whereas dolomite is composed 
of calcium-magnesium carbonate — CaMgfCOa)^. 

Table of Sedimentary Rocks. The principal sedimentary rocks and 
the sediments from which they were derived are shown in the following 
table. 



Table op Semmentaby Rocks 

Consolidated Equivalents: 

Grain Size 

Sediments 

Sedimentary Bocks 

{Diameter in Millimeters) 

Gravel 

Conglomerate and breccia 

Exceeds 2 (= ^5 inch) 

Sand 

Sandstone 

Between 2 and 0.2 

Silt 

Siltstone 

Between 0.2 and 0.002 

Clay 

Shale 

Less than 0.002 

Calcareous mud and sand 

Limestone 

* 
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Metamorphic Rocks 

A metamorphic rock is the product of the transformation of a pre- 
viously existing rock. Such transformations occur in response to 
changes in the geologic environment to which the pre-existing rock was 
subjected within the Earth’s crust. The resulting metamorphic rock 
may retain vestiges of the original characters of the rock from which 
it was derived, but generally the change has been so thorough that the 
original characters have vanished and the metamorphic product is to 
all appearance a new rock. 

Most metamorphic rocks are made up of minerals that are set in 
more or less parallel arrangement. If these minerals are in part 
at least of flaky habit, they confer on the rock the capacity to split 
readily parallel with the direction in which the flakes are oriented. The 
tendency of a rock to split parallel to a plane is termed foliation (Latin 
folium, a leaf) because the rock breaks into leaves or thin slabs. All 
rocks having such a foliation are conveniently grouped together as 
foliates. The notable foliation-producing minerals are the micas (mus- 
covite and biotite) , chlorite, and to a lesser extent amphibole, which 
because of its needle-like habit produces a less well-defined foliation. 

The kinds of metamorphic rocks are many, but only those occurring 
most abundantly are described here. The origin of metamorphic rocks 
is, explained in Chapter 17. 

Gneiss. Physical Properties. Gneiss (pronounced nice) has an im- 
perfect foliation and is generally coarse grained. Many gneisses have 
a streaky, roughly layered appearance owing to the alternation of 
lenses or layers of unlike mineral composition. Most varieties contain 
mica, whose flakes have a parallel arrangement. The rock splits paral- 
lel to the direction marked by the mica. 

Kinds. The commonest kind is mica gneiss, characterized by abun- 
dant content of black mica. In some varieties both black and white 
mica occur together. 

Gneiss containing conspicuous prisms of hornblende that are more 
or less in parallel alignment is called hornblende gneiss. Many gneisses 
arc obviously partly transformed granites and are therefore termed 
granite gneisses. 

Schist. Physical Properties. Schist differs from gneiss in having 
closely spaced foliation planes, as a result of which it splits readily 
into thin flaky slabs or plates. No demarcation exists between gneiss, 
which is^an imperfect foliate, generally coarse grained, and schist, 



EOCKS 


575 


which is well foliated. In schists the minerals are large enough to be 
recognized by the unaided eye, a feature that distinguishes them from 
the still finer-grained foliates termed phyllites. 

Kinds. Schist is generally known by the mineral responsible for its 
foliation. Thus mica schist is rich in mica (biotite, muscovite, or both) . 
Chlorite is the foliation-making mineral in chlorite schist and horn- 
blende in /iomWende sc/iisfi 

As a schist invariably splits parallel to the plane in which the folia- 
tion-making minerals are oriented, these minerals seem to make up 
most of the rock; only by examining a schist on cross-fracture, that 
is, at right angles to the foliation, can it be seen that the schist is com- 
posed of other minerals, most commonly quartz. Many schists contain 
distributed through them conspicuous crystals, simulating the pheno- 
crysts of igneous rocks. A pink or red garnet commonly occurs in this 
fashion in mica schist; such rock is called garnet-mica schist (Fig. 
351). 

Phyllite. Physical Properties. Phyllite (fill'ite) is intermediate in 
appearance between schist and slate. It is finer grained than schist, so 
that the minerals of which it is made cannot be distinguished by the 
unaided eye. It differs from slate in having a higher, glossy luster. 
Some phyllites otherwise much like slates in appearance contain scat- 
tered, large, well-defined crystals of garnet and other minerals. 

Phyllite grades on the one hand into schist and on the other into 
slate. Rocks in the transition ranges are described by such terms as 
phyllitic schist or phyllitic slate, as the case may be. 

Slate. Physical Properties. Slate is a homogeneous rock, so fine 
grained that no mineral grains can be seen. Most slate is blue-black, 
a shade so typical as to be called slate colored, but many are red, green, 
gray, or black. Slate splits with a foliation so perfect that it yields 
slabs having plane surfaces, almost as smooth as the cleavage planes of 
minerals; hence this variety of foliation is termed slaty cleavage. In 
roofing slate the cleavage attains its finest development and causes the 
slate to split into plane-parallel slabs of any desired thinness. Slaty 
cleavage has no necessary relation to the bedding of tlie slate in which 
it occurs: in some places it is parallel to the bedding, but in other places 
it intersects the bedding at angles ranging up to 90° (Fig. 281, p. 428) . 

Slate grades on the one hand into jjhyllite, and on the other into 
shale. The distinguishing differences from shale are as follows : 

Surfaces of shale are generally dull, whereas slate has considerable 
luster. Slate is on the average somewhat harder than shale, although 
the difference is slight. Most slate rings when struck a light blow, and 
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sonorousness is a time-honored test of the quality of a roofing slate. 
Slate when split yields approximately plane surfaces, whereas shale 
has a semi-conchoidal or “shelly” fracture. 

Marble. Color. Marble is commonly gray or nearly white, but 
many other tints occur, and many marbles are streaked or splotched 
irregularly. 

Physical Properties. Marble is the metamorphic equivalent either 
of limestone or of dolomite. The ordinary variety is composed of cal- 
cite and therefore effervesces readily when touched with cold dilute 
hydrochloric acid, but dolomite marble effervesces only if the acid is 
applied to a fresh scratch. All varieties of marble are soft enough to be 
scratched easily (hardness about 3) . 

The term marble is reserved in geologic usage for those metamor- 
phosed limestones that are made up of grains large enough to be per- 
ceived by the unaided eye. In commercial practice, however, any lime- 
stone or marble that will take a polish is called a marble. 

Although marbles are metamorphic rocks, few of them are foliated. 

Quartzite. Physical Properties. Quartzite consists chiefly of 
quartz, and therefore has a hardness of 7. The grains of quartz of 
which it is composed are so firmly cemented that when the rock is frac- 
tured the fracture passes through the grains — not around them, as it 
does in sandstone. Most quartzite has been formed by the meta- 
morphism of sandstone, but some sandstone has been so firmly ce- 
mented by silica that it too fractures through the grains and hence is 
called quartzite. Quartzite of metamorphic origin no longer shows the 
sand grains of which the sandstone was composed, and tends to have a 
glassy appearance. Like marble, most quartzite is massive and does 
not have the foliation so characteristic of most metamorphic rocks. 
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TOPOGRAPHIC MAPS 

Topography is the configuration of the land. A topographic map is 
a representation of a land area, greatly reduced, showing the positions 
of hills, valleys, streams, lakes, and other features, the exact shapes of 
hills and valleys, the differences in elevation between them {relief ) , and 
the steepness of their slopes. The map employs conventions to show 
the topographic features of the area and the positions of roads, towns, 
and other works of man. In order to use a topographic map intelli- 
gently it is necessary to know wdiat the conventions signify, and to be 
able to form in the mind’s eye a picture of the land area represented. 

Orientation. Lines of latitude and longitude are usually selected 
as the boundaries of a topographic map. Most maps therefore repre- 
sent unit areas known as quadrangles and are standardized as to form 
and orientation. The map is oriented so that its top lies to the north. 
The lines of longitude {meridians) that limit the map on the east and 
west extend geographically north and south. On the other hand the 
lines of latitude {parallels) that limit the map on the north and south 
trend due east and west. Since meridians are not parallel but converge 
to a point at each pole, maps having meridians as east and west boun- 
daries are not true rectangles. 

The geographic north pole and the north magnetic pole do not coin- 
cide; therefore a line (determined by a compass needle) drawn from 
most points on the Earth’s surface tow'ard the magnetic pole diverges 
either to the right or to the left of true or geographic north. The 
amount of this divergence in any region is the magnetic declination and 
is usually indicated on the lower margin of the map by tbe angle be- 
tw’'een two converging lines. 

Conventions. All water features such as streams, lakes, swamps, 
and the sea are represented on a topographic map in blue, the works of 
man {culture) in black, and the relief of the land in brown. Special 
conventions for various features on both land and v/ater are explained 
in detail on the back of the map sheet. 

Scale. The scale of a map indicates the proportion between distance 
on the ground and the corresponding distance on the map. For 
57-7 
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example, a scale of 1 inch to 1 mile means that two points on the ground 
exactly 1 mile apart will appear on the map exactly 1 inch apart. A 
common scale used internationally is 1 to 1,000,000, in which one unit 
on the map represents one million units on the ground. This scale (ex- 
pressed as 1:1,000,000) is too small for most purposes, and therefore 
larger multiples of it are used. The scales 1:125,000 and 1:62,500, 
both extensively used for topographic maps in the United States, are 
respectively 8 and 16 times 1:1,000,000. 

A graphic scale in miles and kilometers and a fractional scale are 
placed along the lower margin of every topographic map so that dis- 
tances on a horizontal plane can be readily measured on the map by 
reference to those scales. 

Relief ; Contour Lines. The vertical dimension is shown by contour 
lines (often called simply contours ) , which are printed in brown. The 
difference in altitude between each two successive contours on any 
map is known as the contour interval, and this is indicated on the lower 
margin along with the scale. 

Each contour line passes through points that have the same altitude 
above mean sealevel. Therefore if one starts at a certain altitude on 
an irregular surface and walks in such a way as to go neither uphill nor 
downhill, but always on a level, he will trace out a path that corre- 
sponds to a contour line. Obviously such a path will not be straight 
but will curve around hills, bend upstream in valleys, and swing out- 
ward around spurs. Viewed broadly, every contour must be a closed 
curve, just as the shoreline of an island or of a continent returns upon 
itself, however long it may be. Actually there are many contours that 
are closed curves even upon a relatively small map, such as those 
marking the higher altitudes of isolated hills, but many more do not 
close within a designated area. These extend to the borders of the map 
and join with the contours on adjacent maps. 

In order to form a more definite concept of a contour line, one may 
picture an island in the sea crowned by two prominent, isolated hills, 
with much steeper slopes on one side than on the other, and with an 
irregular shoreline. The shoreline is a contour line (the zero contour) 
because the surface of the water is horizontal. If the island is pictured 
as submerged until only the two isolated peaks project above the sea, 
and then raised above the sea 50 feet at a time, the successive new 
shorelines will form a series of contour lines separated by 50-foot con- 
tour intervals. At first, two small islands will appear, each with its 
own shoreline, and the contour marking their shorelines will have the 



TOPOGRAPHIC MAPS 


679 


form of two closed curves. When the main mass of the island rises 
above the water the remaining shorelines or contours will pass com- 
pletely around the land mass. The final shoreline is represented by the 
zero contour, which now forms the lowest of a series of contours sepa- 
rated by vertical distances of 50 feet. 

As the island is raised, the successive new shorelines are not displaced 
through so great a horizontal distance where the slope is steep as where 
it is more gradual. In other w'ords, the water retreats through a shorter 
horizontal distance in falling from one level to the next along the steep 



Modified after U, S. Geoloyical Survey. 
Fig. 364. Ideal landscape sketch. 


slope than along the gentle slope. When these successive shorelines are 
projected upon the flat surface of a map they will therefore be crowded 
where the slope is steep and farther apart where it is moderate. In 
order to facilitate reading the contours on a map, certain contours 
(usually every fifth line) are strengfcliened and numbered in brown. 

It is customary to print the exact altitudes of certain points on a 
map. These may be prominent relief features such as mountain peaks, 
or road forks and intersections, or permanent bench marks, marked 
followed by the altitude in feet. Such figures must not be 
confused with the figures showing the altitude of contours. The latter 
are always multiples of the contour interval and are placed between 
broken ends of the contour they designate. 

Depression! Contours. Because the contours that represent a depres- 
sion wdthout an outlet resemble those of an isolated hill, it is necessary 
to give them a distinctive appearance. Depression contours therefore 
are maidced on the downslope side with short transverse lines termed 
hachures. The contour interval employed is the same as in other 
contours. 
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Ideal Example. The illustrations (Figs. 364, 365) show the relation 
between the surface of the land and the topographic map representing 
it. Figure 364, a sketch, represents a stream valley between two hills, 
viewed from the south. In the foreground is the sea, with a bay shel- 
tered by a curving spit. Terraces in which small streams have exca- 
vated gullies flank the valley. A rounded summit and sloping spurs 
separated, by steep narrow valleys characterize the hill on the east. 
The spurs are truncated at their lower ends by a wave-cut cliff, at the 



base of which is a beach. The hill on the west rises abruptly above the 
valley by a steep scarp, and descends gently w^estward, trenched by a 
few shallow gullies. 

Each of the features on the map (Fig. 365) is represented by contours 
directly beneath its proper position in the sketch. The contour interval 
selected is 20 feet. 

Construction and Use of Topogr.4lPhic Maps 

Most of the governments of the world construct topographic maps for 
both civil and military purposes. In North America the majority of the 
government topographic maps are made by the United States Geologi- 
cal Survey and various agencies including the Geological Survey of 
Canada. The construction of an accurate topographic map requires 
much time and precise work, as it is necessary to determine a large 
number of exact altitudes and positions before the contours can be 
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drawn and other important data entered on the map. It is not sur- 
prising therefore that half of the United States and much more than 
half of the areas of Canada and Mexico remain to be mapped topo- 
graphically, although in some of the States mapping has been com- 
pleted, and in each of the other States and provinces at least some 
work has been done. The Geological Surveys aim to complete maps 
for the entire area of the United States and Canada. 

A good topographic map serves many useful purposes. It enables 
the engineer engaged in the construction of roads, railroads, damsites, 
power-transmission lines, pipelines, and similar projects to outline, 
before he leaves his office for the field, some of the problems to be 
solved in an area in which he is going to work. It forms the most ac- 
ceptable base for the construction of geologic maps with their manifold 
scientific and practical applications, and it is helpful to the prospector, 
the camper, and the motorist going out into areas new to them. In 
fact, the ability to read a topographic map quickly and accurately is 
a valuable asset to anyone who, for work or for pleasure, has to do with 
the land. 
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TIME SCALE OF EARTH HISTORY 


Total time represented, 2,000,000,000+ years 
Time since beginning of Pleistocene, 1,000,000+ years 


(Oldest time divisions at bottom of table, progressively younger upward) 


Major Divi- 
sions of Time 

Subdivisions of Time 

Important Crustal 
Revolutions 

Dominant Lite 



Pleistocene 

Folding in Coast Ranges 
of California 

Latest strong folding in 
Alps 

Man 



Pliocene 


Cenozoio 
70,000,000 
years long 

Epochs 

Miocene 


Oligocene 

Earliest strong deforma- 
tion in Alps 

Warm-blooded animals 
and flowering plants 



Eocene 



Paleocene 

Folding in the Rocky 
Mountain region 


Mesozoic 
130,000,000 
years long 

Cretaceous 

Reptiles and first modern 
floras 

Reptiles and medieval 
plants 

Jurassic 

Folding in lands border- 
ing the Pacific Ocean 

Triassic 


Permian 

Folding in the Appala- 
chian region, in Europe, 1 
and in other continents 

Earliest reptiles 


Pennsylvanian 

Carbonif- 


Paleozoic 
300,000,000 
years long 

Missia.sippian 

erous 



Devonian 

Folding in western Europe 
and eastern North 
America 

Earliest land animals and 
the first forests 

Silurian 


Ordovician 

Shelled invertebrates and 
the first fishes 


Cambrian 



Late 


Primitive invertebrates, 
chiefly without shells 

PRE- 

Midple 

sion of granite 


C.AMBRIAN 

1,300,000,000+ 

years 

Eably 

Widespread folding, meta- 
morphism, and intrusion 
of granite 

Folding and local intru- 
sion of granite 

Most primitive life, prob- 
ably minute and soft 
tissued 


UNDECrPHBRlCD ReCOKD 


Notes; Heights of spaces in table are not proportional to lengths of time intervals. 

All time divisions before the Cambrian represent much longer spans than divisions in same columns 
above them. 

Epochs of the Cenozoio had shorter duration than subdivisions given for Mesozoic and Paleozoic. 
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(Asterisks refer to illustrations.) 


Aa, type of lava, 307 
Abrasion, by glaciers, 169*, 173* 
by streams, 77 
by waves, 227 
definition, 77 
wind, 204 

Absaroka Plateau, 453 

Accordant hilltops, 496*, 500* 

Aconcagua volcano, 452 

Aerobic bacteria, relation to humus, 48* 

Agassiz, Louis, 189 

Agate, 555 

Age of rocks, based on radioactivity, 26, 
295 

Aggradation, by streams, 80 
Aguijan Island, 353* 

Aleutian Deep, 5 
tsunami of 1946, 401 
Algeria, dunes, 213* 

Alika flow, 7* 

Alkali lakes, 149 
Allegheny Mountains, 506 
Alluvial deposits, 85 
Alluvial fan, 87, 88*, 254 
Alluvium, 101 
Alpine peaks, 172 
Alpine structure, 469* 

Alps, structural history, 468 
Amorphous minerals, 547 
Amphibole, 558 
weathering of, 34 
Amygdalcs, 561, 669 
Amygdaloid, 561 
Ancient mountains, 22 
Andesite, 569 
Andesite porphyry, 569 
Angle of repose, for dry sand, 211 
Angular unconformities, 387* 
in mountain belts, 465 
Animas Valley, Colo., 182* 

Annapolis Valley, Nova Scotia, 103“^ 


Annette Island, Alaska, 144* 

Annual layering, 265* 

Antarctic Ice Sheet, 158, 166 
Antecedent stream, 484*, 486, 497 
Anticline, 361* 365*, 367*, 368* 
breaching of, 486 
definition, 360 
eroded, 361* 
plunging, 366* 

Aphanitic, 295, 661 
Appalachia, 462*, 464 
Appalachian geosyncline, 462* 
Appalachian Mountains, erosional his- 
tory, 500-501 
isostatic adjustments, 475 
structure, 21* 
evolution of, 463* 

Appalachian region, peneplaned, 463* 
Appalachian ridges, peneplane rem- 
nants, 495 

Aquifer, definition, 123 
Arabia, dunes in, 209 
Arequipa, Peru, dunes, 212* 

Arid regions, definition, 109 
erosion in, 113, 114* 

Aristotle, on earthquakes, 393 
Arkose, 572 

Artesian springs, definition, 125 
Artesian systems, 123, 124* 

Atlantic Coastal Plain, 125 
Dakota system, 124 
Illinois-Wisconsin system, 125 
Artesian well, 123, 124* 

Ash, volcanic, 306 
Asia, mountains of, 461* 

Astronomy, relation to geology, 1 
Atchafalaya River, 91 
Atlantic coast, North America, de- 
scribed, 241 

Atlantic Coastal Plain, 125, 462* 
Atmosphere, 3 
583 . . 
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Atmospliere, composition, 30 
role of, 30 
Atolls, 242, 243* 

Aureole, contact-metamorphic, 419 
Australia, barrier reef, 243 
Axial plane of folds, 365*, 366 
Axis, of fold, 366* 

Bacteria, in soil, 46 
relation to humus, 47, 48* 
Badlands, 112* 
definition, 113 
Baltic End Moraine, 182 
Baltic region, dunes, 216 
Baltic Sea, uplift near, 353 
Bandaisan, 393 
Bank-full stage, 76 
Barchan, 212* 

Bars, 234, 235* 

Atlantic City, N. J., 232, 233* 
bay, 231* 
definition, 230 
Galveston, Tex., 232, 233* 
in stream channels, 87 
offshore, 231, 232*, 236*, 237 
‘'Barrier beach,” 231 
Barrier reefs, 242, 243* 

Basal conglomerate, 390 
Basalt, 302, 569 
amygdaloidal, 569 
in ocean floors, 14 
Basaltic lavas, 15, 334* 

Basaltic rock, density of, 15 
Baselevel, 81, 488, 500* 
in arid basins, 116, 116 
local and temporary, 81 
rise, in desert basins, 115 
Basic rocks, 299 

Basin and Range province, 451* 
Basins, deep-sea, 4* 
deflation, 144 
destruction, 141 
formed by wind, 144 
glacial, 143 
interior, 109* 
origin, 142 
solution, 143 
volcanic, 144 
Batholith, 289 
Coast Range, 291 


Batholith, composition of, 291 
concordant, 291 
discordant, 291 
Idaho, 290 
Sierra Nevada, 290 
Bauxite, development of, 48 
Bay bar, 231 *, 234 
definition, 230 

Bay of Biscay, dunes near, 216 
Bays, 233*, 234, 235* 

Beach, 228*, 229*, 233 
“Beach, barrier,” 231 
Beach cobble, 206* 

Beaches, 226*, 235* 

Beaverdam Creek, Va., 498 
Bedding planes, 262 
Bedrock, 28, 29* 
fractures in, 31* 

Belknap Mountains, N. H,, 190* 

Bench, wave-cut, 229 
Bering Glacier, Alaska, 166 
Bermuda, eolian limestone, 218 
Beveling, of weak and resistant rocks, 
489 

Biogenic factor in weathering, 34 
Biology, relation to geology, 1 
Biotite, 557 
Bitter lakes, 149 
Bituminous coal, 513 
“Black blizzards,” 203 
Black Canyon, Colorado River, 208* 
Black Hills, erosional history, 503-505 
South Dakota, 504* 

Black Rapids Glacier, Alaska, 165 

Block lava, 307 

Blocks, volcanic, 306 

“Blowput,” 215 

Blue mud, 249 

Blue Ridge, Va., 499* 

Bogoslov volcanoes, 333 
Boiling springs, 341 
Bombs, volcanic, 306 
Borax lakes, 149 
Bottomset beds, 89*, 92 
Boulder Canyon, Nev., 493* 

Boulders, glacial, 191*, 194 
glacially transported, 176 
residual, 44 
Box canyon, 112 

Braided streams, 178, 181* 183, 186* 
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Braiding streams, 86 
Braun’s Playa, Nev., 149* 

Breakers, 226, 231, 237 
Breakwaters, 233 
Breccia, 260, 293, 571 
fault, 375 
volcanic, 293 
Brown coal, 513 
Brunton compass, 364* 

Bryce Canyon, 50 
Buttes, 67*, 110*, 111 

Calcareous rocks, 260 
Calcite, 654 

Calcium bicarbonate, 33 

Caldera, 144, 318 

Calving, of glaciers, 161*, 162 

Cambodia, ruins of, 48 

Cape Cod, erosion by waves, 222 

Cape Hatteras, 232, 233* 

Cape Ranges, 20* 

Capture, stream, 105, 114*, 115, 498, 
499* 

Carbon dioxide, in air, 30 
Carbonate rocks, solution in, 132 
Carbonation, 32 

Carlsbad Caverns, N. M., 130*, 136 
Carolina capes, 233* 

Cascade Range, volcanoes of, 304 
Caspian Sea, 141, 143 
Catastrophes, 9 
Catastrophists, 9 
Catskill Mountains, 453, 506 
Catskill region, sedimentary rocks, 359 
Cavern streams, 136 
Caverns, 134*, 137, 138* 
areal distribution, 135 
deposits, 129 

relation to water table, 136 
Cementation, 261 
of rocks, 128 

Central core of Earth, 440*, 445, 446* 
Chalcedony, 555 
Chalcopyrite, 553 
Chalk, 573 

Changes of level, 351, 490 
Channel deposits made by streams, 85 
Channel pattern, 101 
Channels, 73, 86, 102* 
adjustment to discharge, 79 


Channels, cross-sectional area, 74 
distributary, 89 
shape, 74 
stream, 78* 

Charleston, earthquake of 1886, 403 
Chemical weathering, 31 
Chemistry, relation to geology, 1 
Chert, 45 

Chief Mountain, 380, 467* 

Chilian, earthquake of 1939, 354 
Chimborazo volcano, 452 
Chitina Glacier, Alaska, 184* 

Chlorite, 557 
schist, 576 
Cincinnati Arch, 370 
Cinder cone, 314* 

Cinders, volcanic, 306 
Cirques, 170, 171*, 181*, 188* 
basins in floors, 172 

Clark Fork, Columbia River, discharge, 74 
“Clay minerals,” 258 
Clays, 34, 258 
composition of, 34 
development, 33 
Cleavage, of minerals, 648 
slaty, 426 

Cliffs, result of mechanical weathering, 
111 

wave-cut, 229* 

Climate, effect on soils, 47 
influence on weathering, 38 
relation to regional snowline, 159 
Climatic fluctuations, 251 
Clinometer, 363* 

Coal, 511 
anthracite, 514 
bituminous, 513 
chemical composition, 513 
classification by ranks, 513 
environments in which formed, 514 
occurrence and nature, 511 
relation to metamorphism, 515 
reserves of the nation, 515 
thickness of beds, 513 
Coast Ranges, movements in, 356 
Coastal features, uplifted, 353 
Coasts, definition, 228 
embayed, 234 
plain, 236 
Cobbles, 206* 
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Coconino sandstone, 280 
Collapse, of sinks, 134* 

Color, of minerals, 549 
of sedimentary rocks, 266 
Colorado Plateau, 451* 
warping in, 359 

Colorado River, 25, 71, 152*, 505 
delta, 152* 
flood, 153 
load, 80 
tributaries, 82 

Columbia Plateau, lava field, 334 
Columbia River, 485 
Columnar structure, 286 
in lava flow, 373* 

Compaction, of sediments, 260 
Complex mountains, 459 
possible development, 472* 
Compound volcanoes, 317 
Concretions, 130, 274 
Cone, cinder, 314* 

Confined ground water, 123, 126 
Conglomerate, 571 
basal, 279, 390 
progressive marine, 279 
Connecticut River, floods, 79 
Consequent streams, 97, 98*, 99 
Conservation, soil, 93 
Contact-metamorphic aureole, 420* 
Contact metamorphism, 419 
pneumatolytic, 423 
Contamination of wells, 127* 
Continental drift, 477 
Continental masses, 4*, 15* 244, 245* 
origixr, 6 

thickening of, 20 
Continental shelves, 4, 244-245 
form, 245 

in glacial ages, 248-249 
Continental-slope zone, 245* 
sediments, 249 
Continental slopes, 245 : 

Continents, average height, 5 
predominant rocks of, 14 
Contour interval, definition, 578 
Contour map, 580* 

Contours, on map, definition, 578 
Contraction hypothesis, 476 
Contraction jointing, 372 
Convection in Earth, hypothesis, 478 


Copper, in glacial drift, 193 
Coquina, 573 
Coral reefs, 242* 
description, 241 
origin, 243-244 
types, 242, 243* 

Corded lava, 307 
CorcUllera, 452 

Cordilleran Glacier Complex, 192* 

Core, of Earth, 441 
Cotopaxi volcano, 304 
Crater Lake, Ore., 144, 319* 

Craters of the Moon National Monu- 
ment, 308 
Creep, 54, 56*, 106 
soil, 110 
talus, 110 

Crescentic sand dunes, 212* 

Crevasse fillings, 186 
Crevasse.s, in glaciers, 161*, 164, 181* 
Cross-bedding, 271 
Cross-lamination, 271 
festoon, 273 
in dunes, 217 

two fundamental types, 272 
Cross-profiles of valleys, 101*, 493* 
Cross-sectional area of stream channel, 
78* 

Crust of Earth, 6 
equilibrium in, 14 
instability, 108 
movements of, 14 
Crustal deformation, cause, 386 
Crustal movements, ancient, 357 
as cause of earthquakes, 393 
effect on stream regimen, 81 
forming basins, 142 
ultimate cause, 476 
Crystal, definition, 547 
forms, 547, 548* 

Crystalline schists, 425 
Cuestas, 486, 502*, 503, 504* 
in World War I, 503 
Culebra Cut, 69 
Culture (on maps), 577 
Currents, longshore, 226, 234, 237 
ocean, 224-225 
Cutoffs, 102* 

Cycle, fluvial, 104 

in arid climate, 113, 114*, 115 
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Cycle, fluvial, in moist climate, 103, 104, 
105*, 106 

on folded strata, 483, 484* 
geomorphic, 104 
along coasts, 233-238 
in carbonate rocks, 137, 138* 
maturity, 100* 
second, 490 

, time values, absolute, 108 
relative, 107 

Cycle concept, as aid in study, 117 

Daklila, rainfall, 205 
Dakota artesian system, 124 
Danby Playa, 202* 

Darwin, 13 

Daytona Beach, Fla^, 226 
Dead Sea, 141, 379 
Death Valley, Calif., 87* 
rainfall, 72 
Deccan trap, 334 
Declination, magnetic, 577 
Decomposition of rocks, 31, 32 
Deep-focus earthquakes, 409 
Deep-sea basins, 244-245 
permanence, 251 
Deep-sea zone, 245* 
sediments, 249 
Deeps, 4, 245, 247 
relation to earthquakes, 400 
Defeat of stream, 485 
Deflation, definition, 200 
in arid basins, 114*, 116 
specific examples, 201-203 
Deformation of Earth’s crust, 351 
evidence of, 358, 359 
Deformed strata, 21* 

Degradation, by streams, SO 
Delaware River, 485* 

Delaware Water Gap, 485* 

“Delta fingers,” 89* 

Deltas, 88, 89*, 145*, 234, 237 
Colorado River, 152* 
in lakes, 147 
Mississippi River, 91* 

Density of Earth, 438 
distribution, 444-446 
Density currents, 147, 148* 

Deposition, by streams, 78 
by waves, 227 


Deposits, alluvial, 85 
glacial, 176 
ore, 525-538 
stream, 85 

Depression contoui-s, definition, 579 
Depression inland, evidence, 355 
Depth zones, marine, 245* 

“Desert pavements,” 202 
Desert varnish, 207 
Detritus, 255 
Devil’s Post-Pile, 373* 

Diamonds, in glacial drift, 193 
Diastrophism, definition, 351 
Diatom ooze, 250 
Differential weathering, 49 
Dikes, 284, 285* 
radial system, 286, 315 
Diorite, 567 
Dioiite porphyry, 568 
Dip, 362, 363* 
amount of, 365 
direction of, 365 
Dip angle, 363* 

Dip faulting, effects, 379 
Dip faults, 378 
Direction of strike, 364 
Discharge, definition, 73 
Disconformity, 387* 
and tilting, 388* 

Disequilibrium rocks, 414 
Disintegration of rocks, 31 
Dissected plateaus, 505 
Distributary channels, 89, 90* 
Mississippi River, 91* 

Divide, 99 
between basins, 115 
sags in, 100 
shifting, 99, 105 
Dolerite, 567, 570 
Dolls Gap, W. Va., 498* 

Dolomite, 554, 573 
Dome, structural, 504 
Dome mountains, 455, 458 
Drag, on fault, 375 

Drainage, influenced by ic;o sheets, 1 94 
intei'ior, 109, 113 

Drainage pattern, right-angled, 486 
later youth, 486 
Dredging, placer, 538 
Drift, glacial, 176, 507 
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Drift, stratified, 177, 178* 
superglacial, 183* 

Dripstone, 129, 130* 134* 136 
“Drowned” valleys, 490 
Drumlins, 179*, 180*, 189, 192 
Drummond Island, Mich., joints, 371* 
Dunes, ancient, 217 
economic value, 217 
forms, 209 
heights, 209 
internal structure, 217 
longitudinal, 210, 213* 
migration of, 211* 215 
of gypsum, 218 
slip face on, 211* 
special forms, 215 
transverse, 210 
U-shaped, 215, 216* 

Durham Castle, 69 
weathering effects, 51* 

“Dust Bowl,” 203 

Earth, age, 3 
central core, 441 
constitution, 444, 446* 
density distribution, 444 
ellipticity, 438 
form, 3 

gravity and density, 438 
interior of, 437 
origin, 2 
outer shell, 442* 
principal zones, 446* 
section through, 440* 
size and shape, 437 
temperatures in, 442 
Barth fiowage, 62* 

Earth history, time scale, 582 
Earthquake epicenter, 403 
method of locating, 408* 
Earthquake focus, 403 
Earthquake intensity, Messina, 402* 
San Francisco, 399* 

Earthquakes, 351, 392 
causes, 393 
deep-focus, 409 
distribution, 332*, 400 
elastic rebound theory, 397* 
geologic effects, 411 
human interest, 392 


Earthquakes in China, 392 
intensity, 398 

long waves, 406* 407* 439 
precautions against, 410 
predicting, 409 
shallow-focus, 409 
spreading of elastic waves, 403* 
submarine, 401 
volcanic, 393 
Earth’s crust, 6 
deformation, 351 
East Texas oil field, 518 
Eclipse Harbor, Labrador, 171* 
Economic geology, 10 
Egypt, dune sand, 217 
weathering in, 37 

Elastic impulses, in Earth’s crust, 15 
Elastic rebound, on faults, 396 
Electron microscope, 34 
Elevation, evidence of, 352 
Elevation inland, evidence, 355 
Ellipticity of Earth, 438 
Embayed coast, 231*, 234 
Emerged marine terraces, 353* 

Emerged shorelines, 17 
.End moraines, 180, 181*, 182* 189 
English Channel coast, erosioir by waves, 
222 

Enrichment, of ore bodies, 533 
Eolian deposits, 208 
Epeuic seas, 223 
Epicenter, of earthquake, 403 
Equilibrium rocks, 414 
Erosion, 5, 20 
by glaciers, 168, 169* 
by streams, 29, 71 
by wind, 200 
definition, 29 
marine, 29, 227-229 
of soil, 79 

Erosion surface, 501, 503, 505 
Erratics, glacial, 191*, 193, 194 
Eskers, 186, 187*, 189, 193 
origin, 187 
Etna, 328, 348 
Exfoliation, 36, 37* 

Explosion pits, 320 
Extrusive bodies, 293 
BJdrusive mass, 283 
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Fabric of rock, 562 
equigranular, 562 
inequigranular, 562 
porphyritic, 562-563 
Facets, on spins, 173 
Fairweather Glacier, Alaska, 183* 
Falls, 82, 174* 

False-bedcling, 271 
Fan deposit, 254* 

Fanglomerate, 571 
Fans, 87*, 88, 113, 114* 
in dry regions, 112 
Fatigue, in rocks, 36 
Fault, definition, 370 
economic importance, 385 
general features, 373 
in stratified rocks, 377 
movement on, 376 
normal, 376 
reverse, 376 
several kinds, 377* 
surface expression, 380 
thrust, 380 
Fault basins, 142 
Fault-block mountains, 455*, 456 
Fault breccia, 375 
Fault-dam springs, 385* 

Fault displacement, 378* 
Fault-line scarp, 381 *, 383 
two-cycle development, 384* 
Fault scarp, 375, 381* 
ideal development, 382* 

Fault surface, 374* 

Fault zone, 374 
Faulting, magnitude of, 370 
of sea floor, 247 
recent, 383 
thrust, 465 

Feldspar, decomposition of, 33 
Felsite, 669 

Ferromagnesian minerals, 300 
Fill terraces, 493* 494 
Finger Lakes valleys, N. Y., 174 
Finland, postglacial uplift, 354* 
Fiords, 175 
Fissure, 370 
Flood control, 95 
Flood deposits, 85 
Floodplain, 86, 90, 91*, 103 
Floodplain deposits, 86* 


Floods, 73*, 75, 86* 103 
Colorado River, 153 
Connecticut River, 79 
destruction by, 94 
economic problem, 92 
Gohna, 79 
measurement, 75 
Mississippi River, 79 
San Gabriel River, 79 
stream, 89 
Flow, velocity, 74 
Fluidity, 296 

Fluvial cycle, definition, 104 
in arid climate, 113-115 
in moist climate, 103-106, 487, 488 
on folded strata, 483, 484* 

Fold mountains, 455 

Fold structure, variations, 468 

Folded strata, 20*, 21* 

Folding, date of, in mountains, 475* 
depth of, 469 
Folds, 360 
axis of, 365, 366* 
closed, 368* 
economic aspect, 369 
elements of, 365 
eroded, 361* 
isoclinal, 368* 
limbs of, 365 
open, 368* 
overturned, 20* 
plunging, 366, 367* 
recumbent, 366 
symmetric, 366 
upright, 365* 

Foliates, 425 
Foliation, 425 
Foot wall, of fault, 375* 

Footprints, 269 

Foraminiferal ooze, 249-250, 250* 
Forces, external, 22 
within Earth, 23 
Foreset beds, 89* 92, 178* 

Forest fires, as factor in weathering, 35 
Formation, 276 
Fossils, 275 

Lake Florissant beds, 154 
significance of, 275 
Fractures, in bedrock, 31* 
of minerals, 549 
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Fringing reefs, 242, 243* 

Frost heaving, 55* 

Frost wedging, 35*, 164*, 172, 188* 
Frozen ground, 197 
Fujiyama volcano, 316 
Fumaroles, 339 
economic utilization of, 346 
Funnel sinks, 133*, 137, 138* 

Gabbro, 567 
Galaxies, 2 
Galena, 553 
Galileo, 13 
Ganges delta, 355 
Gangue, 526 
Garden of the Gods, 50 
Garnet, 555 
Gases, volcanic, 305 
Geanticlines, 369, 370 
Geode, 129* 

Geodesy, 437 
Geologic structure, 362 
Geologic time, 3 
table, 582 

Geology, development of, 1 
historical, 10, 14 
physical, 10 
time factor, 24 
unsolved problems in, 22 
Geomorphic cycle, 104 
along coasts, 233-238 
in carbonate rocks, 137, 138* 
on folded strata, 483, 484* 
Geomorphology, 10 
Geophysical prospecting, 521 
Geophysical study, 15 
Geosynclines, 369, 370 
development, 462 
Geothermal gradient, 447 
Geyser action, conditions for, 342 
Geyserite, 343 
Geysers, 126, 342 
origin of, 345 
Glacial ages, 189, 190, 196 
Glacial basins, 143 
Glacial boulders, 194 
Glacial climates, cause, 196 
Glacial deposits, 176 
Glacial drift, 176, 507 
Glacial erosion, 29, 164*, 168 


Glacial erosion, in bedrock, 144* 

Glacial erratics, 191*, 193, 194 
Glacial lakes, 144* 

Glacial meltwater, 87 
Glacial surface, 170* 

Glaciated regions, crustal movements in, 
17 

Glaciated stone, 206* 

Glaciated surface, Yosemite Valley, 42* 
Glaciated valleys, 170, 171*, 172* 
long profile, 173* 

Glaciation, 168 
effect on stream regimen, 81 
of North America (map), 192* 

Glacier ice, 160*, 186 
flow, 160 

physical character, 160 
stagnant, 183*, 184*, 187 
cause, 189 

Glacier National Park, 467 
Glaciers, definition, 160 
effect of weight on crust, 195 
effect on sealevel, 195 
flow, 162 
rate, 163 

fluctuations, 163-165 
general relation to topography, 196 
geologic work, 158, 168 
in Alps, 165 

in remote geologic history, 196 
nourishment, 162 
quarrying by, 173* 
regimen, 162 
relation to snowfield, 160 
stagnant, 165 
structure, 158 
termini, 162, 164* 
transport, 175 
types, 158 
valley, 165, 188* 
geologic work, 190 
wastage, 160 
Gneiss, 425, 430, 574 
formed by mechanical metamorphisra, 
431* 

primary, 431 

Gobi Desert, deflation, 220 
wind erosion, 203 
Gohna flood, 79 
Gold deposits, 537 
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Gouge, 375 j 

Graben, definition, 379 
Gradation, agents of, 23 
Grade, 113 

Graded profile, 82, 235 
shore, 229-230, 231, 232 
Graded stream, 81 
Gradient, stream, 74 
Grand Canyon, 9, 25 =■-, 71 , 1 1 1 , 279 
from Point Sublime, 454* 

Grand Canyon region, Ariz., erosional 
history, 505-506 
Grand Coulee, 143 
Grand Coulee Dam, 69 
Grand Teton, Wyo., 190 
Granite, 7, 14, 301, 566 
Granite porphyry, 568 
Granitic rock, density of, 15, 19 
Granitization, 436 
Great Barrier Reef, Australia, 242* 

Great Dunes National Monument, 209 
Great Lakes, 194 
origin, 143 
tilting, 356 

Great Lakes region, erosional history, 
506-507 
tilting in, 17 

Great Plains, wind erosion, 203 
Great Salt Lake, Utah, 150 
Great Valley of California, 355 
Greenland Ice Sheet, 167* 
description, 166 
Groins, 232*, 233 

Gros Ventre landslide, Wyo., 61*, 145 
Ground moraine, 179, 187* 

Ground water, 120* 
confined, 123, 126 
contamination, 127 
definition, 120 

pollution and sanitation, 127 
Ground-water runoff, 72, 99 
Groundmass, 296 

Gulf coast, NorthAmerica, described, 241 
Gullies, 93*, 98*, 99, 104, 105* 116, 493* 
Gushers, 519, 521* 

Gypsum, 554 
in dunes, 218 

Hachures, definition, 579 
Half Dome, Yosemite Valley, 38* 


Halite, 555 

Hanging tributary valley, 173, 174*, 
175,* 181*, 189* 

Hanging wall, of fault, 375* 

Hawaiian phase, 309 
Headlands, 234, 235* 

Helgoland, erosion by waves, 222 
Helium, 2, 26 
in Sun, 3 
Hematite, 552 

Henry Mountains, Utah, 458 
Herculaneum, 321, 326 
High-pressure tests, 443* 

Hilt’s law, 616 
Himalaya Mountains, 247 
Hinge fault, 378, 379* 

Hogbacks, 484*, 486, 487*, 503, 504* 
Hoover Dam, SO, 163 
Horizontal compression, cause, 476 
Horizontal crustal movements, 356 
Hornblende, 559 
Plornblendite, 668 
Hornfels, 421 
calcic, 422 

Horse Heaven Hills, Ore., 98* - 

Horst, definition, 379 
Hot springs, 340 
Hubbard Glacier, Alaska, 165 
Humboldt River, Nev., 109* 

Humus, 40 
in tropics, 47 
Hwang Ho, diversion, 90* 

Hydration, 32 

Hydraulic action, by streams, 76 
by wave.s, 227 
Hydraulicking, 538 
Hydrolysis, 32 
Hydrosphere, 4 

Hydrothermal ore depo.sits, 528 
Hypotheses, use of, 12 

Ice, conversion from snow, 159 
Ice caps, 158, 159*, 166 
j Ice-contact faces, 184*, 186 
Ice sheets, 158, 159*, 166 
I effect on crust, 195 
former, 191 
effects, 193 

influence on drainage, 194 
origin, 168 
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Ice sheets, sculpture, 190*, 191 
Icebergs, 161*, 164* 

Igneous rocks, 7*, 23*, 283, 564-570 
composition of, 298, 301 
He de France, 502 
Imperial Valley, Calif., 152 
earthquake, 1940, 395 
dunes in, 214* 
fault movement, 396* 

Incised meanders, 491*, 492 
Inclined strata, mapping of, 362 
Interglacial ages, 196 
Interior basins, 109* 

Interior drainage, 109, 113 
Intermittent streams, 99 
Intrusive mass, 283 
Inyo Range, granitization, 436 
Iron-ore deposits, 534 
Islands, 235* 
tied, 231, 234, 235* 
types, 241 
Isoclinal folds, 368* 

Isoseismal nrap, 398* 

Isostasy, 15*, 16*, 17 
Isostatie adjustment, 17, 18* 

Isostatic balance, 18 
Izalco volcano, 328 

Joint set, 371 
Joint system, 371 
Joints, 133*, 370 
controlling glacial erosion, 173* 
cutting beds of limestone, 371 * 
effect on shore erosion, 229 
in igneous rocks, 372 
influence on stream erosion, 77 
practical importance, 373 
Josef Fiord, Greenland, 175 
Jura Mountains, structure, 470* 

Kaibab limestone, 280 

Kame terraces, 185*, 186 

Kansu, China, earthquake of 1920, 411 

Kant, on Earth origin, 3 

Karst topography, 137, 138* 

Kepler, 13 

Kettleman Hills, 367* 

Kettles, 183*, 184*, 185, 189 
Kilauea, 309, 310* 

Kilimanjaro volcano, 452 


Kittatinny Mountains, 485* 

Knolls, drift, 183* 

Kootenay River, British Columbia, 86* 
Ki-akatoa, 393 

Laccolith, 287, 288* 

Laccolithic domes, 458 

Lagoons, 143, 231, 232*, 233*, 236*, 237 

Laguna Beach, Calif., 226* 

Lake Agassiz, 146* • 

Lake Apopka, Fla., 143 
Lake basins, origin, 142 
tilting, 356* 

Lake Baykal, 142 
Lake Bonneville, 150* 151*, 195 
Lake Erie, 147 
Lake floor, 146* 

Lake Florissant, 153 
Lake Geneva, 147 
Lake Lahontan, 151, 195 
Lake Maurepas, La., 142 
Lake Michigan, wind action near, 201 
Lake Pepin, 143 
Lake Superior, 141 
iron region, 537 
Lake Tanganyika, 142 
Lakes, 141 
alkali, 149 
below sealevel, 141 
bitter, 149 
borax, 149 
cirque, 189* 
destruction, 156* 
erosion and deposition, 146 
filling with vegetation, 156* 
former, 150 
glacial, 185* 
in cirques, 172 
in glaciated valleys, 173 
marginal to outwash, 194 
mineral matter in, 149 
oxbow, 102 
playa, 113 
saline, 148 
salt, 149 

stages of development, 145* 
Lamarck, hypothesis, 13 
Land area, young, 104, 105*, 114* 
mature, 105*, 106, 114* 
old, 105* 106, 114* 
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Land forms, complex, 499 
genesis, 481 

relation to erosion and deposition, 481 
relation to geomorphic cycle, 482 
relation to I’ock composition and 
structure, 482 
value of study, 482 

Landscape profiles in moist and dry re- 
gions, 111* 

Landslide basins, 145 
Landslide topography, 61* 

Landslides, 60, 106, 146 
Lapilli, 306 

Laplace, on Earth origin, 3 
Laramie Mountains, Wyo., 474* 

Lassen Peak volcano, 330 
Lateral moraines, 181 *, 183 
Laterite, 48 

Laiirentide Ice Sheet, 192* 

Lava dams, 144 
Lava flow, 293 
I/iva tunnel, 308 
Leaching, 33 
Levees, 85*, 89, 94* 
on Mississippi Eiver, 94 
Level, changes of, 490 
along coasts, 239 
Lewis tlirust, 467* 

Libyan Desert, 202 
wind abrasion in, 205 
Lignite, 513 
limestone, 573 
origin, 44 

reaction to weathering, 41 
solubility in stream water, 77 
Limonite, 552 
Line of strike, 364 
Load, adjustment to discharge, 79 
of stream, 74, 77 

relation to human activities, 82 
Local and temporary baselevel, 81 
Lode, 531 
Loess, 218 
in China, 220 
in Mississippi Valley, 219 
with vertical columnar structure, 219* 
Long Island Sound, 239 
Long profile, Lehigh River, 75* 
of stream, definition, 75 
form, 75 


Longitudinal dunes, 210, 213* 
development of, 214* 

Longshore currents, 226, 234, 237 
Lucretius, on earthquakes, 393 

Magma, 283, 527 
cause of rise to surface, 338 
explosive power of, 313 
origin of diversity, 335 
Magmatic differentiation, 336 
Magnetic declination, 577 
Magnetite, 552 

Maine, evidence of submergence, 355 
evidence of uplift, 365 
Malaspina Glacier, Alaska, 166 
Mammoth Cave, Ky., 134, 135 
Mammoth Hot Springs, 131 
Mantle, 28, 110, 111*, 133* 

Marble, 432, 576 
Marine erosion, 29 
Marl, 573 

Marshes, tidal, 155, 234 
Mass eruptions, 293, 333 
Mass-wasting, definition, 54 
effects on landscapes, 66 
graded profiles, 106 
in arid and semiarid regions, 110 
influence of subsurface water, 128 
practical aspects, 69 
relation of streams to, 97 
relation to running water, 66 
relation to weathering, 65 . 
role in general erosion, 65 
Matterhorn, 190 

Maturity, in fluvial cycle, 100*, 106, 115 
Mauna Loa, 7, 308, 309, 315 
McDonald Lake, fault, 381 * 

Meanders, 85, 86* 101*, 102, 103*, 494* 
incised, 491*, 492 
Mechanical weathering. 111 
Medial moraine, 183 
Meltwater, 162, 194 
Meltwater streams, 181* 

Merced River, Calif., 492 
Meridians, definition, 577 
Mesa, 67*, 110*, 111 
Messier Channel, Patagonia, 175 
Messina, earthquake of 1908, 402, 403 
geologic formations, 402* 
Metamorphic rocks, 8, 23*, 674-576 
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Metamorphism, 23* 
composition as a factor, 417 
contact, 417 
definition, 413 
dynamic, 416, 423 
dynamothermal, 417 
geologic factors of, 417 
geothermal, 418 
mjection, 419, 433 
kinetic, 416, 419, 423 
physical-chemical factors of, 414 
rank of, 421 
retrogressive, 434 
Meteor Crater, Ai'iz., 325* 

Meteorite craters, 324 
Meteorites, as cosmic matter, 445 
Mid-Atlantic Ridge, 5, 245 
Migmatite, 436 
Migration of dunes, 215 
Miles Glacier, Alaska, 161* 

Milwaukee Deep, 247 
Mineral matter, precipitation from sub- 
surface water, 128 

Mineral resom'ces, relation to geology, 5 10 
“Mineral springs,” 125 
Mineralogy, 10 
Minerals, 546-559 
chemical composition, 547 
cleavage, 548 
color, 549 . , 

fracture, 548 
hardness, 550 
luster, 550 

physical properties, 547 
specific gravity, 551 
structure, 548 
Minette ores, 536 
Mississippi River, delta, 89, 91* 
stimcture, 91 
floodplain, 86 
floods, 79, 91, 94* 
outwash, 194 
rate of erosion, 108 
regimen, 94 

Mississippi Valley, loess deposits, 219 
Missouri River, as ice-marginal stream, 
192*, 194r-195 
Mitten Butte, 67* 

Moccasin Mountains, Mont., 458 
Mohave Desert, 202 


Monadnocks, 105*, 107*, 138*, 488, 496 
definition, 107 
in arid region, 116 
Monocline, definition, 368, 369* 

Mont Pelee, 311 

prediction of course of eruption, 348 
spine of, 317, 318* 

Monte Nuovo volcano, 328 
Monterey Canyon, California, 246* 
Monument Valley, Utah, 67* 

Moosehead Lake, Me., 107* 

Moraines, end, 180, 181*, 182*, 189 
ground, 1S7* 
lateral, 181*, 183 
medial, 164*, 183 
superficial, 183 
terminal, 180 
Mount Etna, 26 
Mount Everest, 5, 20 
Mount Fairw'eather, Alaska, 183* 

Mount Mazama, Ore., 320 
Mount Monadnoek, N. H., 107 
Mount Tom, Mass., 191* 

Mountain chain, 452 
Mountain elevation, 470 
Mountain history, interpretation, 471 
later stages, 473 
Mountain range, 451 
Mountain system, 451 
Mountains, amount of compression, 467 
and plateaus, southwestern United 
States, 451* 
arcuate, 460 
complex, 459, 460 
definition, 460 
dome, 458 

erosion by valley glaciers, 188* 
fault-block, 455*, 456*, 457* 
fold and complex, 459 
igneous agencies in, 471 
origin and history, 450 
sedimentary formations in, 460 
synclinal, 459* 
volcanic, 452 

“Mountains wdthout roots,” 380, 469 
Mud cracks, 268 
Mudflow, 63, 64* 
in fans, 112 
Muscovite (mica), 656 
Mylonite, 423 
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Naples, crustal movements near, 352 
Nappes, definition, 468 
Natural bridges, 137, 138 
Natural gas, 616, 520 
Natural law, 13 
Natural levees, 85*, 86* 

“Near earthquakes,” 441 
Nevada, Northern, 109* 

Nev5, 159, 160* 

New Caledonia, barrier reef, 242 
New Creek Mountain, W. Va., 498* 
Newton and law of gravitation, 13 
Niagara Falls, 83*, 84*, 141, 147, 194 
description, 83 
recession, 83 

Niches, excavation by snowbanks, 170- 
171* 

Nisqually Glacier, Wash., 163 
Normal fault, 376 
North American Cordillera, 452 
North Dome, Kettleman HiUs, 367* 
Nu5es ar dentes, 312 
Nuggets, 541 

Nunatak Glacier, Alaska, 164* 

Oblique faults, 378 
Obsidian, 570 
Ocean currents, 224-225 
Ocean floors, topography of, 5 
Offshore bar, 231, 232*, 236*, 237 
Ohio River, as ice-marginal stream, 192*, 
194 

Oil, function of gas in, 520 
occurrence of, 516 
reserves of the nation, 524 
reservoir rock of, 516 
“Oil pool,” 518 

Oil wells, deepest exploratory, 523 
deepest producer, 523 
exploratory, 523 
life of, 619 
wildcats, 523 

Old age, in fluvial cycle, 105*, 106, 115, 
488 

Old Faithful geyser, 344* 

Olivine, 557 
Oozes, 249, 251 
Ordos desert, deflation, 220 
Ore, definition, 525 
composition, 632 


Ore bodies, forms, 529 
weathering, 533 
Ore bringer, 527 
Ore deposits, 525-543 
contact-metamorphic, 535 
hydrothermal, 536 
iron, 534 
lateritic, 537 
magmatic, 535 
origin of, 526-528 
reconcentrated, 537 
Organic evolution, 13 
Orthoclase, 556 
Outcrops, 42 

Outwash, 182*, 183, 184* 194 
Outwash plain, 181* 
nonpitted, 189 
pitted, 185, 189 
Overbank floods, 85* 

Overbank stage, 76 
Overlap, 279 
Oxbow lakes, 102*, 142 
Oxidation, 32 

Pahoehoe type of lava, 307 
Paleontology, 10 
Palisade sill, 287 
Paradise Glacier, Wash., 163 
Parallels, definition, 577 
Paricutin, world’s youngest volcano, 
305, 307, 328, 329*, 393 
Paris Basin, erosional history, 502-603 
Parker Dam, 163 
“Paystreak,” 541 
Peat, 156*, 155, 511 
relation to coal, 156 
Pedestal rocks, 208 
Pediment, 113, 114*, 115, 116 
Pegmatite, 298, 667 
Pelean clouds, 312 
Pel6an phase, 311 
Peneplane, 105*, 107, 485* 603 
dissection, 495 
exhumed, 108 

remnants, 108, 495, 496*, 505 
Perched water bodies, 122, 123* 
Percolation, of subsurface water, 121 
Perennial streams, 99 
Perennially frozen groimd, 198 
Peridotite, 567 
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Permeability, definition, 119 
Petrified trees, 131* 

Petrified wood, 131 
Petrology, 10 
Phaneric texture, 295, 561 
Phanerocrystalline textui’e, 295, 561 
Phenocrysts, 296, 563 

distinction from amygdales, 570 
Phyllite, 425, 429, 575 
Pbylionite, 424 
Physics, relation to geology, 1 
Piedmont glaciers, definition, 166 
Pillow lavas, 333* 

Pismo Beach, sand dunes, 210* 
Pitchstone, 570 
Placer mining, 538 
dredging, 540* 

Placers, 526, '538 
origin, 540 
platinum, 540 
Sierra Nevada, 543 
Plagioclase, 556 
Plain coasts, 236 
Plane, erosional, 107 
Planets, 1 

revolution about Sun, 2* 

Plants, mechanical work, 38 
Plastic flow, of limestone, 443* 

Plateau remnants, 453 
Plateaus, dissected, 505 
Platte River, 497 
Flatten See, 142 
Playa lakes, 113, 148, 149* 

Playas, 87*, 113, 114* 

Plucking, by glaciers, 168, 169* 

Plug domes, 317 
Plunge basin, 84* 

Plunging anticlines, 367* 

Plunging folds, 366 
Plutonic rocks, 301 
Po delta, 355 
Polymetamorphism, 434 
Pompeii, 321, 326 
Poponesset “Beach,” Mass., 231* 
Porosity, of rocks, 119 
Porphyry, 562* 
texture, 296 

Poso Creek district, Calif., 100* 
Potassium carbonate, development, 33 
Potholes, 77 


Potomac River, 498 
Precession, 439 
Precipitation (rainfall), 72 
Profile, graded, 82, 235 

landscape, in moist and dry regions, 
111 * 

of aggrading stream, 88* 
of equilibrium of stream, 81 
shore, 228 
Pumice, 309, 570 
Pyramid Lake, Nev., 151 
Pyrite, 553 

behavior during oxidation, 533 
Pyroclastic cones, 314 . 

Pyroclastic material, 306 
Pyroclastic rocks, 293 
Pyroxene, 558 
weathering of, 34 
Pyroxenite, 568 

Qattara depression, Libya, 116 
Quadrangles, definition, 577 
Quarrying, by glaciers, 173* 
by streams, 77 
Quartz, 257, 555 
prevalence in sand, 257 
resistance to weathering, 34 
Quartzite, 432, 576 

Radioactive elements, 26 
Radioactive minerals, 3 
Radioactivity, importance in geology, 
295, 335 

Radiolarian ooze, 250 
Rainbow Gardens, Nev., 487* 

Rainfall, influence on weathering, 39 
of the United States, 39* 

Rainwash, 73 
Rapids, 82 

Rebound, from vertical strain, 3:)7* 
Recumbent folds, 366 
of the Alps, 468 
Red clay, 249 

Red Deer River, Alberta, 112* 

Reefs, barrier, 243 

Great Barrier Reef, Australia, 242* 
coral, 242* 
description, 241 
origin, 243-244 
1 types, 242 
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Reefs, fringing, 242, 243* 

Regimen, of stream, 80 
Regional metamorphism, 426 
Regional snowline, 159, 165 
Rejuvenated stream, 491* 

Rejuvenation, of streams, 142, 493*, 
494*, 495, 505 
Relief, 5 
definition, 577 
Replacement, 130 
ore bodies formed by, 532 
Reservoirs, silting, 93 
Residual boulders, 44* 

Residual mantle, 28, 42, 43* 

Restigouche River, New Brunswick, 496* 

Reverse fault, 376 

Rhone River, at Lake Geneva, 147 

Rhyolite, 302, 568 

Rhyolite porphyry, 569 

Rift valleys, 142 

Rills, 98 

Rio Grande, N. M., 110* 

Rip currents, definition, 225 
Ripple marks, 270 
current, 270* 
oscillation, 271* 

Rises, on sea floors, 245, 247 
Rock composition, weathering influenced 
by, 41 

Rock cycles, 23* 

Rock flowage, 443 
Rock glacier, 58* 

Rock shelters, 136 
Rocks, 560-576 
age of, 26 
argillaceous, 572 

characters used in identifying, 561 
cementation, 128 
deep-seated, 566 
detrital, 570 
glassy, 570 
igneous, 7, 564-570 
table of, 565 
metamorphic, 8, 574^576 
permeability, 119 
plutonic, 566 
porosity, 119 

sedimentary, 8, 25*, 570-573 
table of, 573 

Rocky Mountain geosyncline, 465 
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Rocky Mountains, erosional history, 505 
structural history, 470 
Rotary fault, 378 

Rounding of sediments by waves, 227 
Running water, 71 
Runoff, 72 

Sahara, 113 
dunes in, 209 
wind erosion, 202 
St. Erancis Dam, Calif., 69, 79 
St. Pierre, destruction of, 312 
Saline lakes, 148 
Salt “glaciers,” 415 
Salt lakes, 149 
Salt plugs, 521, 522* 

Salton Basin, Calif., 152*, 490 
Salton Sea, 141, 151, 152*, 153 
Salts, in lakes, 149 
in sea, 150, 223 
origin, 128 

San Andreas fault, 394*, 395* 

San Francisco, faults near, 394 
earthquake, 1906, 394 
San Francisco Mountain, Ariz,, 335-336 
San Gabriel River, floods, 79 
San Juan River, Utah, 491* 

San Pedro Hills, Calif., 240* 

Sandstone, 572 

Sandstorm at Khartoum North, 201* 
Santa Ana River, Calif., 485 
Scale, of map, definition, 577 
Scandinavia, postglacial uplift, 354* 
Schist, 425, 429, 574 
chlorite, 575 
garnet-mica, 575 
, hornblende, 575 
mica, 575 
Schistosity, 429 
Scientific method, 12 
Scoriae, 309 
Scour and fill, 80 
Sculpture, by mass-wasting, 97 
by streams, 97 
Sea, area, 222 
attack on the shore, 227 
epeiric, 223 
functions, 222 
mineral matter in, 149 
precipitation of salts, 128 
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Sea floor, 15*, 244 
earthquakes oa, 401 
emergence, 237 
“glacial” sediments, 250 
topography, 245-247 
Sea-floor basins, 143 
Sea-floor sediments, 247 
Sea ice, in glacial ages (map), 192* 

Sea water, composition, 223 
movement, 224 
Sealevel, 223, 224 
as datum, 351 
effect of glaciers, 196, 243 
rate of rise, 195 
variations, 352 
Seawalls, 233 
Second cycle, 490 
Sedimentary rocks, 8, 23*, 253-282, 570- 
673 

as shelf-zone deposits, 251 
classification of, 260 
colors of, 266 

fundamental importance, 253 
red, 267 

Sedimentation, 253 
Sediments, 8 
chemical, 255 
conversion into rocks, 260 
detrital, 255 

gelatinous constituents of, 261 
origin and kinds, 255 
pyroclastic, 259 
rounding by waves, 227 
sea-floor, 247 
special types, 259 
stream, rounding, 92 
sorting, 92 
Seepage, 122 
Seine Rivei’, 502* 

Seismic belts, 400 
Seismic waves, 401, 439 
behavior, 440* 
velocities, 440 

Seismogram, 405, 406* 407* 
interpretation, 407 
Seismographs, 404, 405* 

Seismology, definition, 393 
Scmiarid regions, definition, 109 
Serapis temple, 352 
Serpentine, 557 


Serpentinite, 667 

“Shadow zone,” for seismic waves, 441 
Shale, 572 

Sheep Mountain, anticline, 367* 

Shelf zone, 245* 
sediments, 248 
Shenandoah River, 498 
Shield volcanoes, 315 
Shore, definition, 228 
Shoi’e profile, 228, 229 
Shore protection, 233 
Shore zone, 245* 
sediments, 248 

Shorelines, abandoned, 150*, 151* 
classification, 238 
definition, 228 
Short cuts, 86 
Sialic minerals, 300 
Sierra Nevada, Calif., 451*, 457* 

Signal Hill oil field, Calif., 620* 

Siliceous sinter, 132, 343 
Silicic rocks, 299 
Sm, 286 
Palisade, 287 
Siltstone, 572 
Sinks, 133, 135*, 137, 143 
collapse of, 134* 
funnel, 133* 137, 138* 

Sinter, siliceous, 132 
Slate, 426, 575 
Slaty cleavage, 426 
Slickensides, 374* 568 
Sliderock, 29*, 40, 69, 106 
Slip face on dune, 211* 

Slopes, angles, in moist and dry regions, 
111 

Slough lakes, 142 
Sloughs, 86 
Slumping, 63* 

Snickers Gap, Va., 498 
Snow, conversion into ice, 159 
distribution, 158 
Snowbanks, 171* 

Snowfield, 158, 160* 166, 188* 
conversion into glacier, 160 
critical thickness, 160 
Snowline, regional, 159 
Soil conservation, 93 
Soil creep, 110 
Soil erosion, 79, 93* 
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Soil erosion, economic problem, 92 
Soil profile, 46 
Soil science, 49 
Soils, development, 46 
immature, 46 
iron in, 49 
lateritic, 48 
mature, 46 
Solar System, 1, 2 
Solfatara, 339 
Solifluction, definition, 57 
Solifluction debris, 57* 

Solubility, of minerals, 33 
Solution, 33 
by streams, 77 
in carbonate rocks, 132 
Solution basins, 143 
Solution valleys, 136 
Somma, 321, 336 
Sonic surveying of sea floor, 247 
Sonoma Range, fault scarp, 383* 
Sound, definition, 231 
South Platte River, 87 
Sphalerite, 563 

Spheroidal weathering, 44, 45* 
Spherulites, 570 
Spindletop oil field, Tex., 622 
Spits, 230, 234, 235* 

Springs, 120*; 121*, 122 
along a fault, 385* 
and wells, simple, 122 
deposits, 131 
fault-dam, 385 
in fractured rocks, 126 
thermal, 125, 126 
Spur facets, 173 
Stalactites, 129, 130*, 134* 
Stalagmites, 130*, 134* 

Stock, 292 

Storms, effect on shore, 233 
Strata, folded, 484*, 487* 
horizontal, 491* 

Strath, 101*, 102* 103*, 105* 494* 
Strath terraces, 494* 

Stratification, 262 
annual layering, 264 
in stream deposits, 92 
origin of, 264 
Stratified drift, 177, 178* 
forms, 183* 


Stratigraphic trap, 518, 519* 
Stratigraphy, 10 
principles of, 276-281 
Stratovolcanoes, 315 
Streak, 549 . 

Stream bed, 73* 

Stream caijture, 105, 114*, 115, 498, 499* 
Stream deposition, 76 
Stream deposits, 85 
character, 92 
Stream erosion, 29, 76 
Stream flood, 89 
Stream flow, 72 

relation to subsurface water, 122 
Stream gradients, 116 
Stream patterns, in .West Virginia, 489* 
right-angled, 489* 

Stream sculpture, 97 
differences between dry and moist 
regions, 109 

in arid and semiarid regions, 109 
in moist regions, 97 
Stream sediments, rounding, 92 
sorting, 92 

Stream terraces, definition, 493 
Stream valleys, develqpment of, 97 
Stream-worn cobble, 206* 

Streams, 73 

adjustment to weak-rock belts, 488, 
503 

antecedent, 497 

braided, 178, 181*, 183, 185* 

braiding, 86 

caverns, 136 

deposits at mouths, 88 

geologic importance, 71 

grade, 81 

lateral cutting, 102 
regimen, SO 
rejuvenated, 491* 
rejuvenation, 142 
relation to mass-wasting, 97 
spacing, 112 

subsequent, 488, 489*, 500*, 503 
superposed, 496*, 497*, 498 
synclinal, 486 
underground, 136 
Striae, 648 
fault, 374* 
glacial, 169* 
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Striations, glacial, 169*, 170* 

Strike, 363* 

and dip, determination of, 364* 
symbol, 365 
of strata, 362 
Strike fault, 378 
Strike faulting, effects, 378* 

Strike-slip fault, 376 
Strombolian phase, 311 
Structtiral geology, 10 
Structure of rocks, evidence of deformar- 
tion, 359 

Stylolite seam, 132* 

Stylolites, 132 
“Subcrust,” 16 
density, 19 

Submarine earthquakes, 401 
Submarine valleys, 246* 

Submergence, 490 

of Atlantic Coast of North America, 
239 

Subsequent streams, 488, 489*, 500*, 
503 

Subsidence, evidence, 354 
Subsurface water, 118 
as a solvent, 127, 128 
distribution, 118 
geologic work, 127 
in fractured rocks, 126* 
in homogeneous permeable rocks, 119 
movement, 120*, 121* 
i-elation to stream flow, 122 
source, 118 

vertical distribution, 119 
Sun, energy of, 3 
mass of, 1 

rate of movement, 2 
Superficial moraines, 183 
Supergene enrichment, 533 
Superposed streams, 496*, 497*, 498 
Surface runoff, 72 
Swamps, 120*, 154 
alluvial, 85* 
reclamation, 155 
types, 154 
Swarm, dike, 286 
Syenite, 567 
Symmetric fold, 366 
Synclines, 360, 361*, 602 
Syneresis, 270 


Taku River, British Columbia, 174* 
Talus creep, 59, 110 
Taluses, 59*, 111* 

Temblor Range, Calif., 395* 

Temecula River, Calif., 485 
Temperature changes, 35 
Temperature gradients, in Earth, 442 
Tenaya Canyon, Calif., 172* 

Terminal moraine, definition, 180 
Terraces (stream), 493 
fiU, 493*, 494 
kame, 186* 
lake, 145* 

. nonpaired, 494* 
paired, 494* 
strath, 494* 

Texture, influenced by gas content of 
magma, 296 

influenced by rate of cooling, 296 
Theory, in scientific method, 13 
Thermal springs, 125, 126 
Thompson River, British Columbia, 493* 
Thrust faulting, 465 
Thrust faults, 380 
development, 466* 

Tibetan Plateau, 20 

Tidal marshes, 155, 234, 236*, 237 

Tide gage record, 401 * 

Tides, 224 

Tiger River, S. C., discharge, 76 
Till, 176, 177* 

TiUite, 571 

Time, measurement of, 26 
Tokyo earthquake, 1923, 392 
record, 407* 

Topographic map, 577 
construction and use, 580 
Topography, 577 
in moist region, 68* 
influence on weathering, 40 
Topset beds, 89* 

Topsoil, 92 

Torngat Mountains, Labrador, 171* 
Transport, by streams, 77 
by waves, 227 
Transported mantle, 28 
Transverse dunes, 210, 211* 

Travertine, 131 
Tributaries (stream), 99, 104 
adjustment to structure, 484* 
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Tributaries (stream), horizontal angle, 
99* 

nongraded, 492 
Tsunamis, 401 
Tuff, 293 

Ultra- vulcanian, 311 
Unconformities, and earth history, 390 
Unconformity, 279, 389* 
definition, 386 
Underclay, 512 
Underflow, 121 
Uniformitarian principle, 9 
Upright folds, 365* 

Uranium, 26 

Vadose water, 120* 

Valley fillings, 73 
Valley floor, 85* 
evolution, 101* 

Valley glaciers, 158, 160* 165, 181*, 188 
geologic work, 190 

''alley of Ten Thousand Smokes, 339, 
340* 

Valley spurs, 101* 

Valleys, alteration by glaciers, 171-174, 
175* 

cross-profiles, 101* 492*, 493* 
“drowned,” 490 
evolution, 100, 101* 
glaciated, 170, 171* 172* 
hanging tributary, 173, 174*, 176* 
mature, 102*, 103* 
old, 103 

rejuvenation, 492* 
relation to stream, 73 
relative excavation by streams and 
mass- wasting, 97* 
submarine, 246* 
submerged, 234 
young, 100 
Varve, 265 
Vein, 529 
bed, 631 
fissure, 531 
gold-bearing, 529* 

Velocity, of streams in flood, 79 
relation to erosion and transport, 78 
Vent agglomerate, 289 
Ventifact, 206*, 207 


Vesicles, 569 
Vesuvius, 320, 336 
eruption of 1906, 322 
eruption of 1944, 323 
reservoir of, 324 
section through, 324* 

Volcanic activity, submarine, 247 
Volcanic ash, 153 
Volcanic basins, 144 
Volcanic earthquakes, 393 
Volcanic edifice, 304 
Volcanic eruption, effect on stream regi- 
men, 81 
submarine, 250 
Volcanic gases, origin of, 337 
Volcanic mountains, 452 
Volcanic neck, 289 
diamond-bearing, 327 
Volcanisin, origin of, 335 
Volcanoes, age of, 328 
geographic distribution of, 331 
linear arrangement of, 331 
new, 328 
“roots” of, 327 

Volcanology, relation to human affairs, 
347 

Volume, of stream, 74 
Vulcanian phase, 311 

Warner Lakes, Ore., 142 
Warping, 145*, 359 
related to ice sheets, 195 
of crust, beneath sea floors, 244 
effect on stream profile, 82 
of sea floor, 247 
Wastage, of glacier ice, 162 
Water, effects of freezing, 34 
Water gap, 486, 497, 499*, 500* 

Water table, 120**, 123*, 126*, 133* 
134*, 137, 533 

as baselevel in arid region, 116 
beneath peneplane, 121 
control by surface streams, 121 
fluctuation, 121 
form, 120 
gradients, 121 
in dry regions, 121 
influence on ore bodies, 533 
perched, 123* 

Watershed, 99 
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Wave-built terrace, 229*, 233 
Wave-cut bench, 229, 226*, 228*, 229*, 
233, 237, 243 

compared with peneplane, 239 
emerged, 240* 

Wave-cut cliffs, 226*, 228*, 229*, 233, 
237, 278* 
emerged, 240*. 

La Jolla, Calif., 230 
Waves, 225 

depths of water affected, 225 
Weathering, 28, 170* 
chemical, 31, 128 
differential, 49 
effects on landscapes, 66 
in arid and semiarid regions, 110 
mechanical, 31, 111 
of ore bodies, 533 
of orthoclase, 33 
plants in, 38 
practical aspects, 50 
relation to general erosion, 62 
role of various agents, 30, 32 
spheroidal, 45* 

Wells, 120*, 123*, 126* 
as source of water supply, 122 
contamination, 127* 
depths, 118 
in fractured rocks, 126 


Wetted perimeter, of stream channel, 
78* 

White Sands National Monument, 218 

“Wildcats,” 623 

Wilmington Beach, N. C., 232* 

Wind, as eroding agent in dry regions, 113 
effects in arid basins, 116 
Wind-abraded bedrock, 205* 

Wind abrasion, 200, 204 
in United States, 207 
Wind-blown sediment, 204* 

Wind deposits, 208 
Wind erosion, 29, 149*, 200 
in Sahara, 202 
Wind gap, 498* 499*, 500* 

Winter talus ridges, 60 

X-ray equipment, 34 

Yakima River, Wash., 486 
Yakutat Bay earthquake, 1899, 396 
Yellowstone National Park, geysers, 342- 
346 

Yorkshire, England, erosion by waves, 
222 

Yosemite Valley, Calif., 174 
Youth, topographic, 104, 113, 483 

Zones, of the Earth, 446* 


